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FOREWORD 


Tliis document describes the work conducted and completed by the Commercial Products 
Division, Pratt & Whitney Aircraft Group of United Technologies Corporation during Pliase 
11 of the Pixpcrimental Clean Combustor Program. This final report was prepared for the 
National Aeronautics and Space Administration Lewis Researcli Center in compliance witli 
the requirements of Contract NAS3-1 8544. 

Tile authors of this report wish to acknowledge the guidance and assistance of Mr, Richard 
Nicdzwiccki, NASA Project Manager of the Experimental Clean Combustor Program and 
Mr. J. R. Baker of tlie Advanced Controls Group of Pratt & Whitney Aircraft. 
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SUMMARY 


The lixporiincnta! Clean (’ombuslor I’rottiam is directed toward the development and demon- 
stration of (eelmolo.ay for redueing pollutant emissions for application to both current and 
future gas turbine engine combustors. ’I'lie jirogram is being conducted in three phases, Phase 
I involved experimental rig screening of combustor concepts to identify the best approaehes 
for reducing emission levels. Phase 11, which is the subject ot this report, consisted of evalua- 
tion and refinement of the best two combustor concepts identified in Phase I, Hmphasis was 
placed on documentation of emission characteristics over the full range of ojicrating conditions 
aird development of satisfactoi-y combustor performance. A fuel control design study was 
conducted to csta lish fuel management requirements for two-stage combustors. Phase III 
will consist of full-scale engine demonstration tests of the best combustor selected from 
Uliasc II. 

Program gaseous pollution goiUs are expressed in two ways, as emission indices at the engine 
operating mode where peak levels of each pollutant are generated, and as integrated liPA 
parameter values. Compared with the current production JT9D-7 engine, the attainment of 
these goals involves significant pollution reductions by factors of Vh to 5'A on an emission 
index basis. Program performance goals consist of maintaining or improving current produc- 
tion combustor operating parameters. 

Combustor testing in Phase 11 was conducted in the same 90-dcgree sector rig used for Phase 
I. The sector rig simulates the JT9D engine combustor envelope and internal flowpath. Tes's 
were conducted at conditions that simulated JT9D-7 engine operating conditions at idle, ap- 
proach, climb, sca-level take-off, and cruise. The test rig matched the engine conditions at 
idle, and duplicated all paramctci-s except inlet pressure and airflow at the higher power levels. 
The emissions data were corrected to account for differences between the rig operating con- 
ditions and actual engine conditions. Stability and religlit capability at simulated altitude 
conditions were also documented. 

The Hybrid ami Vorbix combustor concepts were selected for refinement in Phase II. The 
Hybrid combustor was created by merging the pilot zone of the Phase 1 Staged Premix com- 
bustor with a main zone derived from the Swirl-Can combustor. Tlie Vorbix concept was 
continued from Phase I with evolutionary changes to the pilot and main burning zone di- 
mensions. 

Although none of the Hybrid combustors met all of the BPA parameter goals, substantial re- 
ductions of all pollutants wore achieved. Oxides of nitrogen levels were significantly belov/ 
the JT9D-7 production engine levels, and surpassed tlie program goal for two configurations. 
Carbon monoxide and total unburned hydrocarbon levels were generally close to or surpassed 
goal levels with otily the pilot zone fueled at the approach condition, Smoke levels were well 
below goal levels. Best results were achieved with configuration 11 7 where KPAP values of 
3.4, 3.7, and 0.7 for oxides of nitrogen, carbon monoxide, and total unburned hydrocarbons, 
lospcetivciy, were obtained. 




The most sigiiinciint pollutant problem uncovered with the Hybrid combustor occurred at 
the approach condition. At this operating condition, the Hybrid was unable to operate with 
high combustion elTiciency (and accompanying low pollutant levels) with the pilot and main 
zones fully fueled. With both zones fully fueled, combustion efficiencies were below 91 per- 
cent. Some configurations exhibited combustion efficiency near 100 percent with all approach 
fuel su]iplied to cither the pitot or. to the main zone. Selected configurations were tested with 
fuel supplied to only a portion of the main injectors, and, in all cases, efficiency improved as 
the number of ineJn nozzles fueled was reduced. Implementation of any of tiic partial fuel 
staging tccliniques is undesirable since it imposes additional demands on the engine fuel con- 
trol, involves ignition during a fliglit mode, and creates additional combustor exit temperature 
distribution problems. 

None of the Vorbix combustor configurations met the 12PA parameter goals for all pollutants. 
However, the Vorbix combustors exhibited emission levels for oxides of nitrogen that were 
significantly below the current JT9D production combustor level, in some cases surpassing 
the program goals. Unbumed hydrocarbon emission levels and smoke were also low, generally 
exceeding the goal levels. None of the Vorbix combustors met the carbon monoxide emissions 
goal, althougli some configurations exhibited 25 percent reductions from the production com- 
bustor level, best results were achieved with configuration S25 where liPAP values of 2.2, 

6.5, and 0.3 for oxides of nitrogen, carbon monoxide, and total unburned hydrocarbons, 
respectively, were obtained. The higli carbon monoxide EPAP levels recorded with the Vorbix 
combustor were generally due to the contribution at the idle lest condition. Attempts to re- 
duce carbon monoxide through pilot zone modifications including airflow redistributions, 
fuel spray modification, and volume modifications were ineffective. 

Tlic Vorbix combustor appeared to offer the greatest potential for meeting the performance 
goals without excessive compromise of the emission levels. The Hybrid combustor was de- 
ficient in both idle stability and altitude relight capability. On the basis of the pollution and 
performance results, the Vorbix combustor was selected for engine demonstration testing in 
Phase III. 

Work was also conducted on two addendums to the Phase 11 program, an Alternate Fuels Ad- 
dendum and a Combustor Noise Addendum. Details and results of the fuel program are in- 
cluded in NASA Report CR-1 34970. Results of the combustor noise program are described 
in NASA Report CR- 1 35 1 06. 
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INTRODUCTION 


Tilts vcport cicscribfs the low pollution combustor concepts investigated and the combustor 
component test results obtained in Phase ll of the NASA/Pratt & Whitney Aircraft I'.xpeil- 
mental ('lean C'ombustor Program (I'.C'f 1’). Also described are the program objectives, plan, 
schedule, pollution and performance goals, and current and future program efforts emphasizing 
demonstration tests of a low pollution combustor installed in a full-scale JT9D engine. 


The concern with air quality in the vicinity of airports has led to the issuance of emission 
standards by the U. S. Linvironmental Protection Agency for aircraft engines manufactured 
after January 1979 (Reference 1). These standards limit the emission of carbon monoxide 
(CO), total unburned hydrocarbons (THC), oxides of nitrogen (NOx), imd smoke at altitudes 
under 914 m. Recently introduced gas turbine engines, such as the JT9D family, already 
meet the requirement for producing no visible smoke. However, compliance with the standards 
for the gaseous pollutants will require substantial improvements relative to current engine 
emission levels. 

The rudiments of pollution control are understood. However, when incorporating pollution 
reduction features, aircraft combustors must also accommodate a diversified range of factors 
that greatly add to the development complexity of a practical low-emission combustor system. 
Physical constraints on fuel vaporization, turbulent mixing rate, dilution air addition, and 
residence time impose absolute limits on the combust on process. Performance requirements 
for uniform exit temperature distribution, combustion stability, religlit capability, durability, 
and operational safety must also be considered. Furthermore, it is desirable to maintain com- 
ponent wciglit, costs, and mechanical complexity at a minimum. 

Specific combustor-engine designs have not yet demonstrated the required pollutant reduc- 
tions without compromising other perfornumee parameters, indicating the need for aoditiona) 
technology. In response to this need, the National Aeronautics and Space Administration 
initiated the Fxperimental Clean Combustor Program in December 1972. 


Tlic first two phases, comprising the rig-test portion of the program, have been completed. 
Tlie results of Phase I were reported in NASA CR-1 34736. The results of the Phase 11 refine- 
ment and optimization testing are reported in tliis document. 


A summary of the program plan and goals of the F.xperimental Clean Combustor Program is 
provided in Chapter 1. Clrapter 11 contains a ticscription of the reference engine (j r9D-7) 
and combustor used as a basis for the program work, a description of the combustor design 
concepts tested in Phase 11, and a description of the test and analysis procedures. Chapter 
111 presents the detailed emissions and performance results for the Phase 11 combustors. 
Chapter IV discusses the fuel control design study in which the control system implications 
of two-stage combustor concepts were explored. The relation of the completed work to the 
work remaining in Pluise III is discussed as a part of the concluding remarks contmned in 
Chapter V. Detailed descriptions of the Phase II combustor configurations, detailed data 
tables, and control concept schematics arc contained in Api)cndices A through C , icspcctively. 
A table of nomenclature is presented in Appendix D, and the rclerenccs in Appendix li. 
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CHAPTER I 


EXPERIMENTAL CLEAN COMBUSTOR PROGRAM DESCRIPTION 

A. GENERAL DESCRIPTION OF OVERALL PROGRAM 

The lixpcrimental Clean Combustor Program is a multiyear effort that was initiated in De- 
cember 1972 and is scheduled for completion in late 1976, nic program is directed towards 
two primary objectives: 

1. The generation of the tedmology required to develop advanced commercial CTOL 
jurcraft engines with lower exhaust pollutant emissions than those of current tech- 
nology engines, and 

2. Tlic demonstration of the emission reductions and acceptable performance in a 
full-scale engine in 1976. 

lire program specifically addresses the development of a combustor with low emission char- 
acteristics for the Pratt & Whitney Aircraft JT9D-7 engine. However, the technology developed 
during the program will be translatable to other combustors, either for commercial or military 
applications. The technology will also provide the foundation for developing further refine- 
ments and for identifying other avenues for continued exploration and experimental research. 

B. PROGRAM PLAN 

The program is divided into three phases which provide a step-by-step approach for develop- 
ing the technology required for reducing emissions. These phases are described below: 

1. PHASE I PROGRAM 

Phase I was directed toward identifying promising concepts and establishing the design trends 
in sufficient detail to provide a firm basis for refinement of the more promising concepts in 
Phase II. Three concepts were tested in a 90-dcgree sector component rig at simulated engine 
idle and sea-levei take-off operating conditions. Tliesc were a Swirl-Cr.n combustor concept, 
a Staged Preinix combustor concept, and a Swirl Vorbix combustor concept, Tliirty-two 
configurations were evaluated. 

Tlie lowest emissions at idle engine operating conditions were obtained with the Staged Pre- 
mix combustor. The carbon monoxide emission index level was 55 percent below the goal 
and the total hydrocarbon emission index level was 75 percent below the goal. The Swirl 
Vorbix combustor approached but did not meet the goals, while the Swirl-Can combustor 
exhibited significantly higher emissions that were close to the levels produced by current pro- 
duction J'I'9D-7 combustore. 

At sca-lcvel take-off engine conditions, none.of the combustors met the goal for oxides of 
nitrogen, although some combustor configurations provided significant impioveinents lelativc 
to the current production J r91)-7 combustor. The best results were obtained with tlic Swirl 


Vovbix ami the Swiil-('an combustors, both of which provklcd approximately 60-perccnt 
lower emissiotis ornilroseii oxides tlian the current production J'l'9l)-7 combustor. All three 
combustor concepts met the smoke goal. 

In addition to the basic Phase 1 program, seventeen combustor configurations were evaluated 
at simulated supersonic cruise conditions, and a low-emissions conceptual design was evolved. 

A combustion noise study was also conducted to document the noise characteristics of the 
three low emission combustor concepts and to provide a data base for correlating combustor 
noise levels with performance parameters. 

Detailed results of the basic program including the studies for advanced supersonic technology 
applications are presented in NASA Report CR- 134736. The results of the noise studies arc 
presented in NASA Report CR- 134820. 

2. PHASE II PROGRAM 

The Phase II program involved refinement and optimization of the most promising concepts 
identified in Phase 1. The concepts selected for Phase 11 were the Vorbix combustor and a 
Hybrid combustor created by merging the pilot zone of the Staged Premix combustor with a 
main burning zone derived from the Swirl-Can combustor. More comprehensive sector rig 
testing simulating the full range of engine operating conditions was conducted to fully docu- 
ment pollutant emission characteristics, to identify previously undetected problem areas, and 
to assess combustor performance. After initial testing, the program was reduced to the Vorbix 
combustor concc]>t and the remaining test effort was devoted to development of performance 
characteristics in preparation for the Phase 111 engine demonstration tests. Details of the 
Phase 11 work are contained in the following chapters of this report. 

Work was also conducted on two addendums to the Phase 11 program, :m Alternate ITiels Ad- 
dendum and a Combustion Noise Addendum. Results of the Altcniate I'ucls Addendum arc 
contained in NASA Report CR- 134970. The results of the Combustion Noise Addendum 
arc contained in NASA Report CR-135106. 

3. PHASE III PROGRAM 

The objective of the Phase 111 program, currently in progress, is to substantiate the pollution 
reduction technology developed in Phases I and II in an actual engine environment. Phase 111 
provides evaluation of engine-iiuality, annular combustor hardware at full engine pressure 
levels as well as assessment of combustor and fuel control system peiforniancc under transient 
operating conditions of acceleration and deceleration which cannot be simulated in a compo- 
nent rig. The work will culminate with the testing of the Vorbix combustor concept in a 
JT9D engine during 1976. 


C. PROGRAM SCHEDULE 


The program sdiccliilc for the Experimental Clean Combustor Program is shown in P'igurc 1, 
Phase I was an ciglUecn-inontlt effort wliich lias been completed. Phase II was a nineteen- 
month effort which has also been completed. Phase III, currently in pjcogisss, will be a six- 
teen month effort and is scheduled for completion during 1976. 


PHASE I - COMBUSTOR 
SCREENING TESTS 

BASIC PROGRAM 

AST ADDENDUM 

NOISE ADDENDUM 

PHASE n - COMBUSTOR 
REFINEMENT AND 
OPTIMIZATION TESTS 
BASIC PROGRAM 

FUELS ADDENDUM 

NOISE ADDENDUM 

PHASE tn - ENGINE 

DEMONSTRATION TESTS 
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Figure 1 NASAjPratt <5 Whitney Aircraft Experimental Clean Combustor Program Schedule 

D. PROGRAM GOALS 

Program goals were defined for both pollutant emissions and combustor aero-thennodynamic 
perfonnance, Tlie goals for gaseous pollutants represent the primary program focus. Tlie per- 
formance and smoke goals were set to require maintenance of current JT9D-7 combustor 
peiformanee levels, and are imposed to ensure that the reductions in pollutant emissions arc 
not achieved at the expense of performance or smoke levels. All goals are predicated on the 
use of commercial grade Jet-A aviation turbine fuel. 


1. POLLUTION GOALS 


The pollutant emission goals are summarized in Table 1. I he gaseous pollutant emissions 
goals are exi>ressed in two ways: as emission indices at the engine operating mode where the 
peak levels of each pollutant are generated, and as integrated ITA parameter values, limission 
index is defined as the ratio of grams of pollutant formed per kilogram of fuel consumed. 

The liPA parameter, Reference 1, is a thrust-normalized measure of the total mass of pollu- 
tant emitted in a prescribed landing and take-off cycle. As shown by a comparison of the 
goals with the current production JT9D-7 engine, the attainment of these goals involves 
significant pollutant reductions by factors of 2Vi to S'A on an emission index basis. 
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POLLUTION GOALS AND CURRENT JT9D-7 LEVELS 
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All oxides of nitrogen reported as NO2 equivalent. 


Two ground idle opcriiting points arc defined in Table I, corresponding to engine operation 
witli and without fifteenth-stage compressor bleed air extraction to meet airframe require- 
ments. Current Pratt & Whitney Aircraft experimental engine and production acceptance 
tests are conducted without extraction of bleed air. However, eiu^ncs in the field operate 
with varying amounts of bleed extraction. Owing to the particular design of the JT9D fuel 
control, compressor bleed extraction results in a drop in higli-prcssurc compressor rotor speed, 
and corresponding changes in combustor inlet pressure, temperature, and fuel-air ratio. Since 
the basis for l-.PA lanission Standard compliance testing is presently open to interpretation, 
both conditions were included in the test program. 

2. PERFORMANCE GOALS 

The Lixperimental Clean Combustor Program performance goals arc summarized in Table II. 
Tliese goals do not represent an appreciable departure from current JT9D-7 operating levels 
except for the pattern factor and the combustion efficiency at idle. Tlie combustor exit 
temperature pattern factor represents a level that is difficult to achieve on a production basis. 
Also required for satisfactory performance is the achievement of a radial average temperature 
profile at the combustor.exit that is substantially equivalent to that produced by the current 
production JT9D-7 combustor. 


TABLI-: II 

1-CCP PliRFORMANCB GOALS 


’I'otal Pressure Loss (%) 

Hxit Temperature Pattern Factor 
Combustor Ffficiency (%) 

Lean Blowout F'uel-Air Ratio 
Altitude Relight Capability 
Altitude (m) 

Flight Mach Number 


6 

0.25 at take-off 

99 or better at all operating conditions 
0.004 ±0.001 

9144 
0.5 - 0.8 


An additional performance goal is the requirement that the combustor mechanical durability 
be consistent with long-term engine operation, equivalent to the current JT9D-7 combustor. 
This goal encompasses structural integrity, liner coolant air level, liner pressure drop, fuel 
system metal tetnperature, etc. In addition, the rear combustor liner pressure drop must not 
be less than 1.8 percent to ensure that the coolant flow requirements for the first turbine 
inlet guide vane will be met. 
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CHAPTER II 


EQUIPMENT AND EXPERIMENTAL PROCEDURES 
A. REFERENCE ENGINE AND COMBUSTOR 


1. REFERENCE ENGINE DESCRIPTION 

The JT9D-7 engine was selected as a reference for the NASA/Pratt & Whitney Aircraft Ex- 
perimental Clean Combustor Program. This engine is the current production version of the 
basic JT9D engine model, which was designed and developed by Pratt & Whitney Aircraft. 
Since its introduction into commercial service, this engine has acquired widespread use as the 
powergJIant fdr both the Boeing 747 and the Douglas DC-10-40 aircraft. 

The JT9D engine is an advanced, dual-spool, axial-flow turbofan engine designed with a higli 
overall compression ratio and a high bypass ratio. The mechanical configuration is shown in 
Figure 2. The engine consists of five major modules: a fan and low-pressure compressor 
module, a higli-pressure compressor module, a combustor module, a higli-pressurc turbine 
module, and a low-pressure turbine module. The low-pressure spool consists of a single-stage 
fan and a three-stage low-pressure compressor driven by a four-stage low-pressure turbine. 
The higli-pressure spool consists of an eleven-stage high-pressure compressor driven by a two- 
stage higli-pressure turbine. The accessory gearbox is driven through a towersliaft located 
between the low- and higli-pressure compressors. Selected key specifications for the JT9D-7 
engine are listed in Table III. 
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TABLP. Ill 


KEY SPECIFICATIONS OF THE JT9D-7 ENGINE 


Weight (kg) 

3982.5 

Length (m) 

3.912 

Maximum Diameter, cold (m) 

3.427 

Pressure Ratio 

21.7 

Airflow Rate (kg/s) 

691 

Maximum Sea-Level Static Thrust (kN) 

197 

Cruise Performance 


Mach Number 

0.85 

Altitude (ni) 

10668 

Tlirust (kN) 

44.6 

Specific Fuel Consumption (kg/Ns) 

1.979 X 


2. REFERENCE COMBUSTOR DESCRIPTION 

The mechanical design of the JT9D reference combustor is shown in Figure 3. The com- 
bustor is annular in design with an overall length between the trailing edge of the compressor 
exit guide vane and the leading edge of the turbine inlet guide vane of 0.6m. Tlie burning 
length between the fuel nozzle face and the turbine inlet guide vane leading edge is 0.45m. 
Key performance parameters of the JT9D-7 reference combustor are summarized in Table 
IV. The reference combustor exit average radial temperature profile is shown in Figure 4. 

ENGINE CENTERLINE 


FUEL NOZZLE 

ASSEMBLY (20) DIFFUSER STRUT 



Figure 3 Cross-SecHoual Schematic of the JT9P-7 Reference Combustor 
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TABLli IV 


KEY OPERATING PARAMETERS OF THE 
JT9D-7 REFERENCE COMBUSTOR 


Compressor Exit Axial Macli Number 0.26 

Compressor Discharge Temperature (K) 7 67 

Combustor Temperature Rise (K) 7 1 9 

Combustor Section Pressure Loss (%) 5.2 

Combustor Exit Temperature Pattern Factor 0.42 

Average Combustor Exit Temperature (K) I486 


Note: All data for standard sea-level static take-off conditions. 



Figure 4 Reference Combustor Hxi t A verage Radial Temperature Profile 

The JT9D-7 combustor incorporates a number of advanced features. The primary diffuser 
incori)orates an inner ramp and outer trip followed by a dump section, and a burner hood is 
used to provide a positive pressure feed to tlic combustor front end. I'he hood is indented 
locally in ten places downstream of each diffuser case strut. A Film-cooled louver construc- 
tion is used for the combustor liners. The liner assembly features inner and outer slipjoints 
to facilitate assembly as well as to allow for liner thermal expansion. The fuel system features 
direct liquid fuel injection by the use of twenty duplex-pressure atomizing fuel nozzles. Tlie 
nozzle portion of the fuel injector is enclosed in twenty short-cone swirler modules, which 
provide primary zone flame stabilization. Optional take-off thrust augmentation is provided 
by water injection through the fuel nozzle hcatshields. 



I 

I 


i 


3. REFERENCE ENGINE COMBUSTOR POLLUTION LEVELS 

Since the JT9D engine and combustion system were designed prior to current concerns re- 
garding gaseous pollutants, the combustor was not specifically intended to provide low 
emissions. It does incorporate smoke reduction features and4Dioduces no visible smoke at 
any operating condition. 

Exhaust emissions arc periodically monitored during JT9D production acceptance tests, and 
typical results for the idle, 30-percent, 85-percent, and 100-percent sea-level static thrust en- 
gine power settings are shown in Table V. These power settings correspond to the EPA-spcci- 
fied simulated ground idle, approach, climb-out, and take-off conditions which are used in the 
establishment of aircraft en^ne emission standards. The data presented in Table V repre- 
sent average emission levels for a JT9D-7 production engine incorporating combustor con- 
figuration EC 289386. This combustor configuration has been installed in production en- 
gines sliipped since November 1975. The data have been corrected to standard day tempera- 
ture and pressure and to an ambient humidity level of 6.3 g H^O/kg dry air. Jet-A fuel was 
used for the tests. The corresponding values of EPA Parameter (EPAP) are also presented in 
Table V. Tliis parameter combines emission rates at the engine idle, approach, climb, and 
take-off operating modes, integrated over a specified landing-take-off cycle (Reference 1). 


TABLl: v 

RhPUHSUyrATIVr J [9D-7 I’RonUmON !:Nt!lNi; KHISSION LtiVKLS 
AND rXPURIMKNTAL CLHAN COMBUSTOR PROGRAM COAl.S 


A. nmissioii Indices 


Total 



Carbon Monoxide 

Lfnburncd Hydrocarbons 

Oxides of Nil logi'n 

Smoke 


emissions (g/kg fuel) 

liinissions (g/Kg fuel) 

Emissions (g/kg fuel) 

(SAL Smoke Number) 

Operating 


LCCP 


HCCP 


hCCK 


Condition 

JT9D-7 

(k?al 

JT9D-7 

Goal 

JT9D-7 

Goal 

JT9D-7 (i03\ 

Ground Idle 

46.7 

20 

21.6 

4 

3.9 

— 

— 

Approach (30% Power) 

3.4 


0.6 


7.8 


... - -. .. 

Gimbout (85% Power) 

0.S 

... _ 

0.4 


28.8 

. , - 


Sea Level Take-off 

0.4 


0.4 


39.9 

10 

4 15 

(100% Power) 








B. td’A Parameter (Ibm. poltiil ant/ 1000 Ibf. llmist • 

■ llr./li^tulin(!-lake^)ff tyclr) 







Total 






C’arbon Monoxide 

Uiibumed Ilydruearbons 

i:r*f Mj 

Oxides of Nitrogen 

"■ ' l.-ff'ij 



J r9D-7 

r.c c I 
Goal 

JI9D-7 

J.k. \ 1 

Ck'al 

J I 9D-7 

Goal 



8.5 

4.3 

3.9 

0.8 

5.9 

3.0 



Notes: Oxides of nitrogen data prcsciili'd as nilruiicn dioxide Ci|iiivaU'iit. 

Data represent averape emission levels for a J I y|)*7 production ciiniinc iticorporalinp ci)inbustor coiifigiinition l.( 
Clroimd idle data is without compressor aif bleed. 
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B. TEST COMBUSTOR CONCEPTS AND CONFIGURATIONS 
1. HYBRID COMBUSTOR 
a. General Description 

Tlic initial Hybrid combustor Configuration HI is shown in Figures 5, 6, and 7. This com- 
bustor concept incorporates two burning zones that are separated in both tlie axial and radial 
directions. The design basis for each zone evolved from two combustor concepts that were 
developed during the Phase 1 program. The pilot zone duplicates the physical geometry of 
the Staged Premix combustor Configuration P3 pilot which exceeded the low power emission 
goals in Phase I. The main zone was based on the Swirl-Can combustor Configuration N9, 
which demonstrated significant reductions in higli power emissions of oxides of nitrogen. 


PILOT PRE-MIXING PASSAGE 



DROP FUEL INJECTOR 


Mgure 5 Cross-Sectional Side View of Hybrid Combustor 


The pilot zone was designed for an equivalence ratio of 0,8 at idle conditions to jj-ovidc low 
levels of carbon monoxide and uiiburncd hydrocarbon emissions as well as goou stability dur- 
ing lighting. Fuel is introduced into the premix passage through forty pressure-atomizing 
fuel injectors (on a full annular basis), where it mixes with air and is partially vaporized. Tlie 
combustible mixture then passes through holes in the flamelioldcr and into the combustion 
zone. At high power conditions, the pilot zone equivalence ratio is reduced to reduce forma- 
tion of oxides of nitrogen. 


11,0 main /.one was dosignoJ to provide ton combustion followed by qu.ck ^ 

dilution tur to reduce emissions of oxides of nitropen at liinli power conditions. As shown 
in l•■lgure 7, the /.one consists of an arrangement of concentrie counter-rotating swirlers lo- 
cited downstream and displaced radially from the pilot /one. Fuel is introduced through low 
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During Pliasc I, aspiration problems were encountered with the Swirl-Can modular combus* 
tor as a result of poor inlet air flow distribution, Clonscqucmty, a transparent plastic tlow 
model of the Hybrid combustor was fabricated and tested at cold flow conditions prior to 
finalizing the Phase II design. The tests revealed nonuniform airflow distribution result- 
ing from aerodynamic blockages caused by radial flows issuing from the strut cutouts in the 
burner hood. To correct this problem, the Phase II hybrid design incori)oratcd the follow- 
ing changes; 

1. The burner hood stmt cutouts were extended and contoured to provide a smootli 
transition to the inner and outer combustor liners, and 

2, The outer diffuser case wall was rccontoured to reduce the diffuser area ratio 
approaching the main zone air inlet. 

lire effectiveness of the final design in improving airflow distribution is shown in Figure 8. 


' ' ■ RCH 3 ) average OF THREE CIRCUMFERENHAl TRAVERSES 

RUN 4 f 


/ X' 


\ / 


RECOMOURtD 
STRUT RELIRT 
AREAS 


..V/ \ 


^ORIGINAL 

PROFILE 


SIDE FUEL 
WALL INJECTOR 


FUEI 

injector 


OIPFUSER 

STRUT 


FUEL 

INJECTOR 


CIRCUMFERENTIAL LOCATION 


Nfn/rc S Pressure Loss Pro/i/es S/iowfug /fftproveme/u a / Afufu Puru/fw Puf/mce Phue Ohuihif^d 
for Phase tf hybrid Combustor 


b. Test Configurations 

Optimum airflow fractions for tlic I’rcmix pilot zone and Swirl-f'nn main zone were de- 
termined during t!ie Phase I test program. 1 lowevcr, the (luantity of air available after liner 
cooling requirements had been satisfied was insufficient to permit both pilot and main 
zones to be operated at their resirective oplimmn equivalence ratios. Therefore, die iirimary 
focus of the configuration modifications was to shift the pilot and main zone equivalence 
ratio to minimize pollutant formation. Other variables investigated were the main zone 
swirlcr arrangement and the pilot zone fuel injector type. 

Tlic configurations tested are summarized in Tables VI and VII. Specific types of configura- 
tion change are discussed below, Detailed configuration descriptions are presented in 
Apg^dix A. 

Pilot Zone Equivalence Ratio 

The effect of two different pilot zone equivalence ratios on idle emissions was evaluated, 
The initial configurations, HI through H4, were tested with a pilot zone equivalence ratio 
of 0.8. In Configuration 115, the amount of premix passage airflow was reduced to increase 
the equivalence ratio to 1.2. In the final two configurations, 116 and H7, the pilot zone 
equivalence ratio was retuined to 0.8. 


TAIit.1- VI 

IIYURll) ( L'MHUS I OR ( ONI ICURA UOS .SUMMARY 


l*ilol /oho Main Znne 



l*(|iiivakttcc 


iTicI 



ITicl 

Dihilioii Air 


Ratio at Idle 

Nimibi‘r ul 

Injectur 

Sv'irlcr 

Nurnher of 

Injector 

Inner 

Outer 

ConriBuration 

With Ulced 

I'lK'l Injectors 

Tvi'c' 

Artan^L'iiK'nt 

t'licl Injectors 

Type* 

Liner 

Liner 

III 

0*8 

10 

I’A-iir 

Two ('oiicciitric 

('unmcr-Uotiili.iii 

Swirlcr^ 

11 

1.1*1) 

Ym 

No 

ii: 

0.8 

10 

I’AIK 

I wo Co>rotrtUnK 
Swirlets 

1 1 

i.i’i) 

Yes 

No 

113 

0.8 

10 

|■.\-IK• 

Ontcf Swirlcr Blocked 
«ind Inner Aren Kcduccil 
2(7 ; 

11 

ii’i) 

5'« 

Yes 

114 

0.8 

10 

l’A-S( 

Outer Swirici lllockcd 
and Inner \rca Reduced 

:o-- 

II 

ii’i) 

Yes 

Y’l’S 

115 

1.2 

10 

RA-.K- 

SariK- as H I lUit Swirler 
Area Iticrea'ied •lO'i 

11 

ii’i) 

Vos 

No 

ll(> 

O.H 

10 

I’A IK- 

Santo a^ III lint Swirlcr 
Area liitTca’iCd 4(T7 

11 

I.I’I) 

No 

No 

in 

0.8 

10 

I'A-SC 

Same 11] Kiit Switicr 

1 1 

I.I’I) 

No 

No 


.^tca liivroiiH'il 

*l iid Injector TyiK’s. l*A l'^e^snrc Alnnii/ijip. 

IK' llolli'w Cniu’ 

SC SnliiKonc 

I.PD I ijw I'rexsurc Droii 
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Main Zone Equivalence Ratio 


Main zone niodhications were made to evaluate the effects of both equivalence ratio and 
airflow distribution on emission levels, In the iiutial design, the inner and outei main zone^ 
swirlers operated with approximately equal t1ow rates that provided a bulk equivalence latio 
-iif 0.6, v/ith dilution air introduced only througli the inner liner. In Configurations M3 and 
H4, the outer swirler was blocked, and the flow was diverted to the outer liner. In addition, 
the flow tlirough the inner liner was increased. This increased the bulk main zone equiv- 
alence ratio to 1 .6. In Configuration H5, the dilution How througli the outer liner was 
blocked and tlic flow was returned to the outer swirler, and the dilution flow through the 
inner liner was returned to approximately its former level, lliis configuration included a 
richer pilot zone, and the airflow removed from the pilot zone was diverted to the main 
burner outer swirlers. 


Main Zone Swirler Arrangement 

Tlic swirlers for the main burning zone consisted of two concentric swirlers around each 
fuel injector. In the initial configuration, these concentric swirlers produced counter- 
rotating flows. Tests were also conducted with both the inner and outer swirlers producing 
co-rotating flow, and with the outer swirler blocked. The co-rotating swirl flow was tested 
in Configuration 112, and the outer swirler was blocked in Configurations H3 and H4. For 
these two configurations, the inner swirler flow area was reduced approximately 20 percent. 
For the remaining configurations. Configurations 115 througli 117, the initial counter-rotating 
swirler arrangement was used with the outer swirler area increased approximately 40 percent. 

Pilot Zone Fuel Injector Type 

Two pilot zone fuel nozzle types were tested to detenninc the effect of changes in fuel dis- 
tribution. Both werc pressure atomizing nozzles. One provided a hollow spray cone while 
the other provided a solid spray cone. 

Pilot Zone Flameholder Attachment and Cooling 

Modifications wore incorporated throughout the program to improve fiameholder dura- 
bility. In the initial design, the flameholder was welded directly to the inner combustor 
liner. Tins anangoment was found to restrict tliermal growth of the flamdiotdcr, resulting 
in deformation of the nameholder and premix passage, and inadequate namcbolder coolant 
flow. The flamelioldcr attachment was modified in Configuration 112 to provide a rigid 
attaclnncnt at only one sidewall. Retaining tabs were lused to axially position the flame- 
holder along the outer liner, the i-INWALL® ring between the |)ilol and main zones, and 
the opposite sidewall, hi (’on figuration 113, cooling lioles were added in the trailing edge 
of the llaineliolder, and in Configuration 116, cooling of llie outer portion of the trailing 
edge of the flameholder was increased. 


Pilot-to-Main Zone Fuel Split 

The fuel flow split helwcen tlic pilot and main zones at operating conditions above idle was 
investigated for till configttrations. By varying the fuel split during the tests, the relative 
equivalence ratios between zones could be optimized for all emissions, In early configura- 
tions, the results were also used to indicate wliere adjustment of the equivalence ratio pro- 
duced by clianges in the airtlow distribution would be beneficial. Tests were conducted at 
the approach condition with fuel supplied only to the pilot zone, only to the main zone, or 
with various fuel-flow splits with fuel supplied to both zones. 

2. VORBIX COMBUSTOR 

a. General Description 

A cross-section schematic drawing of the initial Phase II Vorbix combustor design is shown 
in Figure 9, and representative photographs are shown in Figure 10 and II. Tlie design was 
evolved from the Phase I Vorbix combustor and incorporates two burning zones separated 
axially by a higli velocity throat section. Tlic pilot zone is a conventional swirl-stabilized, 
direct-injection combustor employing tliirty fuel injectors (on a full annular basis). It 
was sized to provide the required heat release rate for idle operation at higli efficiency. 
Emissions of carbon monoxide and unburned hydrocarbons are minimized at idle operating 
conditions primarily by maintaining a sufficiently higli pilot zone equivalence ratio to allow 
complete burning of the fuel. 


— «.• 


PILOT ZONE 

NOZ2LL MAIN 20NEI 


swintERs 




I'igure 9 Swirl Vorbix Combt4stor Design 
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At take-off conditions, the pilot exhaust equivalence ratio Is reduced as low as 0.3 (includ- 
ing pitot dilution air) to minimize formation of oxides of nitrogen. The minimum equiva- 
lence ratio for the pilot zone is determined by the overall lean blowout limits, combustion 
efficiency, and the need to maintain sufficient pilot zone temperature to vaporize and ignite 
the main zone fuel. 

Main zone fuel is introduced through fuel injectors located at the outer wall of the liner 
downstream of the pilot zone discharge location. Either tliirty or sixty fuel injectors were 
used (on a full annular basis). Main zone combustion and dilution air is introduced through 
sixty swirlers positioned on each side of the combustor (on a full annular basis). 

llie Phase II Vorbix design differed from the Phase 1 design in that the lengtli of tlie pilot zone 
was increased by 3.8 cm and the main zone length was reduced by 3.8 cm. Tlie increase in 
pilot zone length was made to reduce residual carbon monoxide and unbumed hydrocarbons 
produced at idle conditions. The corresponding decrease in main zone length was expected 
to reduce the main zone residence time, thereby reducing the formation of oxides of nitro- 
^n. 

b. Test Configurations 

Initial testing of the Vorbix combustor was concentrated on demonstrating further reduc- 
tions in emissions. Modifications were made to the pilot zone to reduce emissions of carbon 
monoxide and total unburned hydrocarbons at idle conditions. Cha«ges were made to the 
main zone to reduce emissions of oxides of nitrogen at higli power conditions and also to 
identify those design features that would affect the radial temperature profile and pattern 
factor. Later testing was directed toward correcting performance deficiencies and main- 
taining or improving the emission characteristics. The effect of pilot-to-niain zone fuel split 
was investigated for all configurations. 

lire configurations tested are summarized in Tables VIII and IX. Complete specifications 
arc presented in Appendix A. In the pilot zone, changes were made to burning volume, 
swirler/airfiow schedule, and fuel injector type. In the main zone, modifications were made 
to the swirler orientation, fuel source density, fuel injection technique, and airflow schedule. 
Details of these modifications arc discussed in the following sections. 

Pilot Zone Volume 

Tile pilot zone volume was increased approximately 30 percent in Configuration S18 in an 
attempt to improve idle combustion efficiency. The revised pilot zone geometry is shown 
in Figure 12. The volume increase was specified based on results presented in Reference 2, 
wliich indicate that combustion efficiency is proportional to available combustion volume. 

In Configuration S19 through S21 , the enlirged pilot volume was evaluated without a hood 
attachment. For the remaining configurations, a hood derived from the cunent JT9D-7 
hood was installed to reduce diffuser section pressure loss and to improve airflow feed to 
the pilot zone. 


21 


1 1 




t 


< 


> 

ec 

< 

(/) 

O 

H 

< 

DC 

i2 

u> 

S 

DC 

P 

a 


s 

PC 

o 

> 


^ .9 
^1 


< 

Cl, 


2 


2 


^ I 

^ I 
2iS 


£ 




o 

Z, 


o 

z 


0 o 

z 


1 1 

3 = 

Q I 


E 

II 
^ > 


- -S 

I 

fiC 


o 

PC 


.5 

*5 

f9 

a 




o 

DC 


E 

V 


O 

z 




o 

Z 


o 

PC 


e 


o 

Z 


p 

^ E 






< P 

< 

< 

< 

< 

< 

£ Z 

fim 

a. 

p. 

p< 

a 

m 












0 

V* 

u 

i) 

£ 

M 

*i 

WT 

U 

Z 

>- 

>- 

>• 

> 

>* 

o 

t 

M 

i> 

lA 

t 

d 

z 

>* 

> 

>• 

>- 







i 

p 





On 

o 





fS 

n 





^ a 

O 

PC 





•£ c 

n 

c 

i* 

.s 

O 

c 

.1 

c 

1 ^ 

6 > 

5 

1 

a 

"5 

a 

a 

1 

*s 

1 1 
a a 

0 

o 

o 

V) 


M 

z 

z 

z 

> 


> 


2 


E 

2 ^ 


I ^ ^ 

- s a 


w 

c 

«> V ^ 

= 11 

i» 

s 

&) 

.E 

w 

.B 

<j 

e 

o u 

S £ 

u 

C 

1 

a 

s s 1 

a a a 

s 

a 

1 

a 

i 

g g 

m r*i 

i 


< 

B. 


< 

e. 


2 


e 

> 


§. 


° a 

P 

s «• 

ll 

ee «e 


§ 

Os^ 

r» 

(N 

g ^ 

a M 

SI 

a a 


1 1 

t'p 

5 6 O' 

^ §S 

"5 a fe 

p3(2S 


< 

a 


o 

Z 


I 6 

J2 li 

5 r- 
® 2 E 
5 fea 

^ § <N 
£ 

T a s 

Il5 


s 

>■ 


■a« 

6 r~ 

5 5 E 

j: ° o 

■"•5 2 : 

^ gS^. 

las 

8 .S 3 
« Of O 


t! 

u 

,5 

g 












*r* 

u 



N 


|.W 








5 ? 
gs 

_ U 

T« 

ft 

S 

(O 

'$ 

ft 


1 

!5 

V 3 

1 

■ft 

(/) 


s ..1 

O 

4 > 

4 > 

.5 

«« 

c 

V 

.s 

g 1 

a 


§ 

a 

o 

Cu 

O 

£ 


o 

O 

o 

r- 

6 

o 

r- 

6 


Swirl 

Typ« 

' 1 

1 

1 

1 

1 

a 

1 

SI 

a a 

S| 

a a 

1 

§ 


"rt 

& 

g 

p; 

S 

•-» 

§ 

N 

1 

"i 

1 















0 

u 
















£ 


ao 

gO 

00 

00 

a 

90 

oo 

q 

q 

1 

r» 

m 



rk 

s 

’£ 

ri 

r-i 

tt 

ri 

ri 

ri 

ri 

ri 

ri 

! 

-■ 

ri 


ri 

ri 



















u© 

















N 


































1 ^ 

t 

d 

t 

t 

d 

d 

t 

d 

d 

0 

C 

d 

d 

d 



M 0 

> 

>• 

> 

> 

> 

>- 

>- 

>* 

>* 

Z 

> 

>- 

>- 

>« 










M 










§ 







■S 

C 

■fl 









V U 
'O >. 

< 

< 

< 

< 

< 

< 

G 

4 ? 

E 

b 

< 

< 

< 

< 

< 

< 

< 




a 

a 

a 

£ 

A. 

< 

a 

a 

a 

a 

a 

a 

a 


Q 

3 . 

e 

e 

o 

u 


— ri 






00 o 

— • « r» 

(/)</)(/} 




OUK'tINAL PAGE IS 
OK POOR QUALITY. 


AIRFLOW DISTRIBUTIONS FOR VORBIX 
COMBUSTOR CONFIGURATIONS 



Row fairs gncn m percent 




Pilot Zone Swirler/Airflow Schedule 

Various pilot swirler arrangements and airflow distributions were evaluated to assess the 
effect on combustor emission and performance characteristics. The pilot zone utilized for 
the first five configurations was transferred directly from the final Phase I configuration, 
with the exception of increased length. The swirlers admitted 13.3 percent of the total 
combustor airflow and no liner dilution airflow was used. The swirler airflow was metered 
by swirler open area in conjunction with an air cap in the fonn of a toroidal deflector 
located downstream of the swirler vanes. The air cap, visible in Figure 13, directs the swirl- 
ing airflow towards the swirler fuel nozzle centerline and augments tire tangential velocity 

component. 



PRESSURE ATOMIZING LOW PRESSURE DROP 

FUEL INJECTOR AERATING F UEL INJECTOR 



Figure 13 Swirl Vorbix Combustor Pilot Burner Front-End Designs with Pressure Atomizing Fuel 

Injector and Low Pressure Drop Aerating Fuel Injector 

For Configurations SI 6 througli SI 9, blockage rings were added to the pilot swirlers to re- 
duce airflow to the range of 2 to 5 percent of the total combustor flow. Tliis produced a 
pilot equivalence ratio of approximately 2. Configurations SI 8 and S19 included approxi- 
mately 6 percent pilot zone dilution air. 

Pilot zone equivalence ratio was reduced for Configuration S20 by increasing the swirl air- 
flow to approximately 13 percent. This was accomplished by removing the air cap, in- 
creasing the swirler size, and increasing the dilution airflow by approximately 0.7 percent. 
In Configuration S21 , the swirler flow was increased to 1 5.7 percent by the addition of a 
concentric swirler and a revised air cap. In Configuration S22, the dual concentric swirlers 
were replaced by a single JT9D-70 type swirler with approximately the same flow rate as 
the concentric swirlers. This swirler was utilized for Configurations S22 througli S25, with 
adjustment of swirler airflow accomplished by changing the metering area of the toroidal 
deflector air cap. 
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Pilot Zone-Fuel Injector Type 

Two fuel iiycctor types were investigated. Most testing was conducted with pressure atomiz- 
ing fuel injectors which depend on the fuel pressure to atomize the fuel. Two tests were 
conducted with low pressure drop aerating fuel injectors which utilize the pressure drop 
within the combustor for fuel atomizing. Tlie two fuel nozzle installations are shown in 
Figure 13. 

Main Zone Swirler Orientation 

Main zone swirlers are located between main fuel injectors to promote mixing of the fuel and 
air. In the Phase I program, testing revealed that the combustor exit radial temperature pattern 
was influenced by the orientation of the swirlers, that is, whether adjacent swirlers provided 
swirl in the same direction or in opposite directions. In Phase II, the effect of swirl direction 
was also investigated to determine if the Phase I results were applicable to the larger swirlers 
used in Phase II and also to determine the effects of swirl direction on combustor performance. 
Tlic swirler arrangements evaluated in Phase II are shown in Figure 14. 


MAIN ZONE INJECTOR IN LINE 
WITH PILOT NOZZLES (131 



WITH PILOT NOZZLES 
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Main Zone Fuel Source Density and Fuel Injection Technique 

Tliree main zone fuel system variables were investigated as part of the Phase II program. The 
first of these was fuel source density. Tests were conducted with seven and with tlurtcen 
main zone fuel injectors (corresponding to thirty or sixty fuel injectors on a full annular basis). 
Tlie tests were directed toward confirming exit temperature distribution trends identified in 
Phase 1 and determining the effect of reducing the number of injectors on emissions. 

The second variation was fuel injector pressure drop. Tests were conducted with two different 
pressure drop levels, utilizing both seven and tliirteen injectors at each pressure drop level, to 
assess the effect on emissions and radial temperature profile. 

The tlurd variation was the use of premixing tubes for each of the main zone fuel injectors, as 
shown in Figure 15. Tlie premixing tubes are designed to provide a rich, partially vaporized 
fuel-air mixture with an equivalence ratio of three. This design was based on results obtained 
from other Pratt & Whitney Aircraft programs and was expected to provide reduced emissions 
of oxides of nitrogen at higli power levels with additional benefits related to reduction in the 
fuel nozzle coking tendency and simpler liner removal. 


— <l 



higuK }S Swirl Vorbix Combustor Design With Premixing Tithes 
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Main Zone Airflow Schedule 


Most of the changes in main zone airflow schedule were made to adjust the exit temperature 
nrofile and pattern factor. The modifications included changes in air distribution to the 
Uirlers and changes to the dilution flow. The dilution hole pattern was kc^ed to symmetncal 
combustor features, such as struts and fuel nozzle locations, since the air distribution developed 
in I’hasc II would be transferred to full annular hardware for Jiliase III. 


Initially, the flows through the inner and outer liner swirlers were approximately equal, with 
a combined flow of 54.4 percent of the total combustor airflow. Beginning with Configuration 
S20, the total main zone swirl flow was reduced to approximately 45 percent and the flow 
split between the inner and outer swirler rows was progressively biased to provide decreasing 
amounts of flow through the inner swirlers. In Configuration S25, fl.ie inner swirler flow was 
1 1 5 percent and the outer swirler flow was 25 percent. Configuration S21 employed car- 
bu’reted fuel injection with 7.8 percent of the flow passing through the carburetor or premmng 
tube passage. Most of this flow was subtracted from the swirler flow, reducing the combined 

swirler flow to 38.8 percent. 


No dilution flow was initially provided in the main zone. Begmning with Configuration SI 6 
dilution flow was introduced througli the main zone inner and outer liners with approximately 
equal amounts through each liner. This flow split was progressively modified to tailor the 
radial exit temperature pattern until, in Configuration S23, all of the main zone flow not 
passing through the swirlers was introduced througli the outer liner, with a total dilution flow 
of 1 1.8 percent. In Configurations S24 and S25, the circumferential distribution of this flow 
was varied to tailor the circumferential temperature pattern. 


C, TEST FACILITIES AND EQUIPMENT 


1. TEST FACILITIES 

llie combustor tests were conducted in two test facilities. All of the emissions and perfor- 
mance evaluations except for the altitude religlit tests were conducted in a higli-pressure test 
facility. Stand X-903, located at Pratt & Whitney Aircraft’s Middletown, Connecticut, plant. 
The altitufle relight testing was conducted in an altitude test facility, Stand X-306, located at 
the Rcntschler Airport Laboratory in Last Hartford, Connecticut, Tlic capabilities of these 
facilities and the procedures used have been fully described in the Phase I final leport, NASA 
CK- 134736. 

Two significant improvements were made to the liigh-pressurc test lacility. An automatic 
traversing rake system was installed to replace the fixed rakes for gas sampling, and a chem- 
iluinensence analyzer for oxides of nitrogen was added to the exhaust gas instiuiiientation, 

The Phase 1 traversing rake was modified to include provisions for automated sequencing, in- 
corporation of a removable thermocouple rake head, and thermocouple air cooling. The 
automated sequencing system was specifically designed for compatibility with the gas analysis 
instrumentation response time to ensure accurate sampling. 1 he rake head, which is shown 
in Figures 1 6 and 17, wa.s split into two sections to permit rapid replacement of cither head 
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section. In addition, a platinuin-rliodiiiin air supply manifold was incorporated to provide air 
cooling of the thcrmocouirics when temperature data were not being taken. Tliis system was 
effective in protecting thc4hcanocouplcs when local temperatures exceeded the Units of 
the thermocouples, 


Tlic chcmilumcnsence analyzer became the primary measuring system for the Phase 11 pro- 
gram. Tlic Phase 1 nondispersive infrared raid nondispersive ultraviolet systems were retained 
as backup systems and for measuring concentrations of NO and NO 2 , respectively. 


WITH COOLING AIR 
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l•'igure 16 Detailed View of Combustor Exit Annular TYm'ersing Rake 
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FiguK 1 7 Combustor Exit Annular Travening Rake Head Sho\ving Disassembly of Thermocouple Head 
From Gas Sampling Head IXPN-5585 7jXPN-55864) 





2. TEST RIGS 


A schemat ic diagram of a test rig and adapting iiardwarc instailcd in tltc test faciiity is siiown 
in Figure i 8. TJre rigs used for f'iiasc II were essentially the same as.thosc used in Phase I. 
liaeli rig consisted of a 90-dcgrec sector simuiating a full annulaiirombustor. 
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Figure 18 Schematic Diagram of Test Rig Installed in the Test Facility 


lire combustor cases for tbe test rigs duplicated the JT9D-7 engine diffuser and combustor 
case design as well as the diffuser strut orientation. The combustor cases for the Vorbix 
combustor were the same as those used in the Phase 1 program while the combustor cases for 
the Hybrid combustor were provided by modifying the Phase I premix combustor cases, 
nic modifications consisted of changing tlie main fuel nozzle bosses to accommodate the 
eleven main nozzles for the hybrid combustor and capping the ten premix main nozzle bosses. 

The test rigs differed in two respects from those used in Phase 1. Firet, the rear outer portion 
of each ease was sectioned and then joined witii a mechanical attachment. As shown in 
Figure 19, this modification improved tlie accessibility to the combustor for visual and borc- 
scopc inspection, and also permitted rapid modifications to the rear outer liner hole patterns 
without requiring removal of the rig from the test stand. 

Tlic second modification was the incorporation of positive scaling at the rear liner seal. In 
Phase I, sliding finger seals liad been used at tlie rear of the liners, and leakage had occurred 
as a result of nonuniform thermal growth. For Pliasc 11, the rear seals were fabricated as an 
integral part of the rear liners, and the assembly was then bolted to tlie rig backplate. Radial 
and axial tlicrmal growth was accommodated by dcfiection of the seal. A typical rear seal 
arrangement is shown in Figure 20. 
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T1k‘ I'lici systL’in tor i!k’ Vorliix comlnislor iiK-orpoialerl iij) to lliiw sciianilL- numilolus, one 
tor lliL- pilot /.oiiL- and two for llic main /one. Tlie two main /.one manifolds pemiitled staging 
ol' eitlier six, seven, or ail thirteen fuel injectors. 

I'lie fuel system for the Ilyhrid eomlnistor was similar to that for the Vorhix eombustor, witli 
one fuel manifold for the pilot /one and two for the main /one. 'I he main zone manifolds 
were arranged iO permit staging of four, seven, or all eleven fuel nozzles. 
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Figure 20 Vorbix Combustor Design Shewing Rear Outer Seal Arrangement 

D. TESTCOMDITIOWS 
1. HIGH-PRFSSURE TEST FACILITY 

Tlio combustor rig test conditions were chosen to simulate the design table estimates of the 

JT9D-7 engine. Production engine performance data lias verified that the desi^ table esti- j 

mates arc representative of actual engine conditions. I he data were taken during sea-level 
static production engine acceptance tests and included operation at idle, approach, climb, 
mid take-off conditions for an uninstalled engine. 

Rig test conditions are shown in Table X together with the corresponding producUon engine 
conditions. As shown, the engine idle conditions were exactly duplicated in the rig. At higher 
power levels, the rig duplicated all engine parameters except for the inlet pressure and airflow . 

'Hie inlet pressure was limited by the test facility capabilities. The airflow was reduced ac- 
cordingly to provide the engine levels of combustor reference velocity. 
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Notes: All cngiiie values based on pilot lot performance. 


1 


The test rigs incoriioratcd shroud bleeds to simulate bleed flow to meet turbine cooling re- 
quirements. llic bleeds used in the rig duplicated those required in the engine, thereby 
providing representative shroud airflow characteristics and combustor pressure loss-levels in 
the rig. 

In addition-to the tests conducted at simulated engine conditions, tests were conducted with 
parametric variations of overall fuel-air ratio at all simulated engine operating conditions. 
Parametric variations of inlet temperature and reference velocity were also made for selected 
combustorconfigurations. 

TIk test program included main burner fuel staging tests for all configurations at simulated 
sea-level take-off conditions. In addition, circumferential staging was evaluated for selected 
configurations at the approach and take-off test conditions. 

2. ALTITUDE TEST FACILITY 

Altitude stability and windmilling starting tests were conducted at simulated JT9D-7 engine 
windmilling conditions. Actual engine combustor inlet and pressure conditions were simulated 
while fuel flow and airflow levels were scaled for the one-quarter sector rig. The range of 
conditions that were simulated are shown in Figure 21 together with a typical JT9D engine 
relight envelope. 

Tlie windmilling starting tests conducted in the combustor rig were made at stabilized condi- 
tions while the engine is required to relight immediately after a blowout with the combustor 
and fuel system still warm. As a result, the limits demonstrated in the rig are conservative 
relative to the relight capability at actual engine conditions following blowout. 


747K 7B1K W9K 

OJW 1,034 1.M9 



HgitK 21 J1'9D Relight Rnvelope 
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E. data ANALYSIS PROCEDURES 


1. PERFORMANCE DATA 

Measured and calculated combustor performance parameters are listed in Table XI and de- 
fined below. 


TABLE XI 


SUMMARY OF REPORTED COMBUSTOR PERFORMANCE PARAMETERS 


Parameter 


Total Airflow 
Total Combustor Airflow 
Pilot Fuel Flow 
Main Fuel Flow 
Total Fuel Flow 

Fuel Temperature 
Inlet Total Temperature 
Inlet Total Pressure 
Reference Velocity 

Pattern Factor 
Inlet Air Humidity 
Fuel-Air Ratio 


Symbol 

Units 

Wa4 

kg/s 

Wab 

kg/s 

Wfpri 
^f sec 

kg/s 

kg/s 

Wftot 

kg/s 


^fucl 

K 

Tt4 

K 

Pt4 

atm 

^ref 

in/s 

PF 

— , 

H 

gH 20 /kg air 

f/a 

— 


Measured Calculated 


X. 

X 

X 

X - 
X 

X 

X 

X 

X 

X 

X 

X 


Total Combustor Airflow 


'Hie total combustor airflow is calculated by subtracting the measured inner and outer turbine 
cooling air bleed flows and the estimated combustor liner sidewall cooling airflow from the 
total airflow. 


Reference Velocity 

Tlie reference velocity is defined as that flov/ velocity that would result if the total combus- 
tor airllow, at the compressor discharge temperature and static pressure, were passed througli 
the combustor liner at the maximum cross-sectional area, lliis area is 0.098 m^ for the Hy- 
brid combustor sector rig and 0.056 m^ for the Vorbix combustor sector rig. 

Pattern Factor 

llic pattern factor at the combustor exit is defined by the expression: 


^tS max ^t5 avg. 


Pattern Factor = 


I'tS avg. '^t4 


where: 


W- 


'p , = Highest local tcmpcratuic observed at the combustor exit plane 

llluX 

7 - = Average combustor exit-temperature (calculated from the 

^ carbon-balance fuel-air ratio and the corresponding combustor 

inlet temperature and pressure) _ 

Tt4 = Combustor inlet temperature 

Fuel-Air Ratio 

The fuel-air ratio is the ratio of fuel flow to total combustor airflow. Fuel-air ratio was 
calculated from measured values of total fuel flow and airflow. The independent fuel-air 
ratios for the pilot and main zones were determined by dividing the total fuel-air ratio in 
proportion to the measured fuel flow rates to each of the burners. Hence, the sum of the 
pilot and main zone fuel-air ratios equals the total fuel-air ratio. 

2. EMISSION DATA 

a. Fuel-Air Ratio Calculations 

Fuel-air ratios arc reported on the basis of measured fuel and air flows (performance basis). 
Tliis differed from Phase I where the carbon balance technique was used as the basis for the 
reported data. The change was made possible by the addition of the automated traverse rake 
and by the use of data obtained between the diffuser strut projections where average values 
can be obtained free from sidewall effects. In analyzing the data, emission indices were cal- 
culated using the local carbon-balance fuel-air ratios, and correlations were then made using 
overall average fuel-air ratios calculated on the performance basis. 

b. Combustion Efficiency 

The combustion efficiency was calculated on a deficit basis using the measured concentrations 
of carbon monoxide and total unbumed hydrocarbons from the gas sample data. The calcula- 
tion was based on the assumption that the total concentration of unburned hydrocarbons 
could be assigtied the heating value of methane (CH 4 ). The equation was 


4343x + 21500y~ 
TJe = 100 - 100 ^ 18.4(10)^ . 


where: 


x = Measured carbon monoxide concentration in g/kg fuel 
y = Measured total unburned hydrocarbon concentration in g/kg fuel 
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c. Extrapolation of Rig Data to Engine Conditions 

Since the combustor sector rig was unable to simulate the combustor inlet pressure at con- 
ditions above idle, the emissions data for oxides of nitrogen, carbon monoxide, and total 
unburned hydrocarbons obtained at the rig test conditions required correction to the en- 
gine conditions to pennit comparison of the results with both the Experimental Clean Com- 
bustor Program goals and with the current JT9D-7 emission levels. Tire correlations used 
are described in the following paragraphs. 


Correlaticn for OxidesJxLhIitrogen 

Oxides of nitrogen are reported as equivalent NO 2 . 

The con-elation used to scale oxides of nitrogen values to engine pressure levels and to correct 
the values for small differences between tlie actual rig conditions and the desired engine con- 
ditions is as follows: 


where: 



NOjj = Emission index of oxides of nitrogen. 
= Inlet total pressure (atm) 

= Inlet total temperature (K) 

Vref = Reference velocity (m/s) 

H = Inlet specific humidity (g H20/kg air) 
Tj 5 = Combustor exit temperature 

iuid subscripts: 


corr. = Relates to value at corrected condition 

mcas. = Relates to value at measured condition 
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In this program, this correlation was used to extrapolate tire experimental data to the condi* 
tions shown in Table X. It could also be used to extrapolate the experimental data to other 
conditions of inlet pressure, temperature, fuel-air ratio, reference velocity, and humidity. 
However, the correlation factors for inlet temperature and fuel-air ratio are sensitive to the 
specific combustor design features, particularly to the equivalence ratio in the burning zone. 
Consequently, use of this correlation was restricted to relatively small adjustments. 

Correlations for.Carbon Monoxide and Total UnburnedHydrocarbons 
Total unburned hydrocarbons are reported as equivalent CH 4 . 

Emission indices for carbon monoxide and total unbumed hydrocarbons were scaled to engine 
pressure levels by scaling inversely to inlet pressure. This correlation has been used success- 
fully to reduce data scatter in production JT9D-7 engine carbon monoxide and unbumed 
hydrocarbon data, as discussed in Reference 2. 

d. Calculation of EPAP Values {Class T2) 

Values for the Environmental Protection Agency Parameter (EPAP) were calculated on the 
basis of the emission indices extrapolated to engine conditions. The parameter is defined as 
follows; 

4 

2 EIj Wfi TIMj 

EPAP 

4 

5 Fm TIM; 
i ‘ 

where: 

El = Emissions index 

Wf = Fuel fiow 

TIM = Time in mode 

i = Mode index 

Fjv^ = Net thrust 

Tlie mode indices and times in each mode are defined in Table XII. 

Since the fuel flow, time in mode, and net thrust for the JT9D-7 engine arc all known for 
each operating condition, the calculations for this program were simplified by defining co- 
efficients combining these terms for each operating condition. These coefficients were de- 
fined as: 

Wf TIM 

1-PAP Cocfficient^. = 

X I'NiTlM, 
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wlicre c denotes the operating condition for the particular coefficient. The resulting values 
for the coefficients are presented in Table XII. With these coefficients, EPAP values could 
be calculated by multiplying the emission indices for each operating condition by the appro- 
priate coefficient and summing. 

TABLE XII 


DEFINITION OF EPAl* CONDITIONS 
AND EPAP COEFFICIENTS FOR JT9D-7 ENGINE 


Index 

Number 

Operating 

Condition 

Time 
in Mode 
(Minutes) 

EPAP 
Coefficient 
(Ib/hr lb) 

1 

Idle 

26.0 

0.1763 (Unbled) 
0.1728 (Bled) 

2 

Approach 

4.0 

0.0682 

3 

Climb 

2.2 

0.1065 

4 

Take-off 

0.7 

0.0414 
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CHAPTER III 




PHASE II PROGRAM RESULTS 
A. INTRODUCTION 

The following sections pieseiil emissions and performance data for both combustor con- — 
cepts. Tlie data sections arc followed by a discussion of the development status of each 
concept and identification of the concept selected for the Phase III demonstration program. 
Tlie data are the results of tests conducted on seven Hybrid and 1 5 Vorbix combustor con- 
figurations. The program accumulated 338.5 hours of rig testing. Tlie emissions data ex- 
cept for the smoke data have been sealed from the rig test conditions to typical engine op- 
erating conditions using tlie procedures described in Chapter II. 


B. HYBRID COMBUSTOR 


1. EMISSION RESULTS 
Idle Results 

The test results obtained for the Hybrid combustor configurations at idle conditions are 
summarized in Table XIII. Data are presented for both idle conditions (witli and witliout 
simulated compressor bleed) since data were obtained at both conditions and correlation 
of the data to a single set of conditions was not practical. Generally, the test condition 
with compressor bleed would be expected to produce higlier emissions since the combustor 
inlet pressure and temperature are lower, both of which are known to produce higher emis- 
sions, and because the fi'cl flow rate is lower, resulting in less effective fuel atomization. 

As shown in tlie tabic, nearly all Hybrid configurations closely approached or exceeded the 
program idle pollutant goals. Best results at idle with bleed were acliieved with Configura- 
tion H4, where carbon monoxide and total unbumed hydrocarbon emission indices were 
60 percent and 87.5 percent below the goal values, respectively. Best results at the unbled 
idle condition weie achieved with Configuration 117 where the carbon monoxide and total 
unbumed hydrocarbon emission indices were 80 percent and 28 percent below the goal 
values, respectively. 

The tabulated data indicate significant differences in idle emissions for the different config- 
urations. The differences appear to be related to the pilot zone equivalence ratio rather 
than to changes in the basic emissions characteristics. This effect can be seen in Figure 22 
which is a plot of carbon monoxide emissions versus overall fuel-air ratio. This shift is par- 
ticularly noticeable for Configuration 115 for wliich the pilot zone equivalence ratio was in- 
creased 50 percent at the desigii fucl-air ratio over that of the other configurations. 
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HYBRID COMBUSTOR EMISSIONS AT IDLE CONDITIONS 


Configuration 


Goal 


WITH BLEED 

HI 

H2 

H3 

H4 

H5 

H6 

H7 

WITHOUT BLEED 

H3 

H7 

Notes: 

With Bleed: 


Without Bleed: 


Emissions Index (g/kg fuel) 

Oxides Total Combustion 

of Carbon Unbumed Efficiency 

Nitrogen Monoxide Hydrocarbons (Percent) 



20.0 

4.0 

99.0 

3.1 

12.0 

8.0 

98.8 

3.7 

9.0 

0.7 

99.7 

3.4 

10.0 

0.4 

99.7 

3.2 

8.0 

0,5 

99.8 

3.7 

17.0 

0.5 

99.5 

3,8 

9.0 

4.4 

99.3 

3.3 

44.0 

4.1 

98.5 


2.6 

24.4 

6.5 

98.7 

2.8 

3.9 

2.9 

99.6 


Emissions data for oxides of nitrogen corrected to combustor inlet total 
temperature of 428K, inlet pressure of 2.93 atm, reference velocity of 
18.3 in/s, humidity of 6.29 g/kg, and fuel-air ratio of 0.0126. 

Emissions of carbon monoxide and total unbumed hydrocarbons cor- 
rected to combustor inlet pressure of 2.93 atm and fuel-air ratio of 
0.0126. 

Efficiency based on carbon balance data. 

Emissions data for oxides of nitrogen corrected to combustor inlet total 
temperature of 464K, inlet pressure of 3.95 atm, reference velocity of 
20.6 m/s, humidity of 6,29 g/kg, and fuel-air ratio of 0.010, 

Emissions of carbon monoxide and total unbumed hydrocarbons cor- 
rected to combustor inlet pressure of 3.95 atm and fucl-air ratio of 0.010. 


Efficiency based on carbon balance data. 
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l-'igure 22 


Combustor Carbon Monoxide Emission Levels as a Function of Fuel-Air Ratio at Idle 
Conditions With Bleed 
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Take-off Results 



llie test results obtained at take-off conditions aic presented in Table XIV. None of the 
configurations met tlie goal for oxides of nitrogen emission levels at sea-level take-off condi- 
tions. However, levels of oxides of nitrogen significantly lower than those produced by the 
current production JT9D-7 combustor were achieved. Tlie best configurations demonstrat- 
ed oxide of nitrogen emission levels that were approximately 60 percent lower than those 
produced by the cuixent JT9D-7 combustor. These levels arc still approximately 50 percent 
above the emission indexJcvel goal of 10. 

The take-off results generally do not show significant changes in the emission levels as a re- 
sult of tlie changes in configuration. Configuration H4 is prominant, however, with its 
significantly higlier emissions of oxides of nitrogen. This difference was caused by an in- 
crease in main zone equivalence ratio produced by shifting the main zone outer stvirler 
flow to the outer liner dilution holes. 

Smoke numbers recorded at take-off conditions were very low, ranging from 1 to 4 for all 
Hybrid configurations. However, it should be noted that the absolute SAE smoke numbers 
reported were measured at rig pressures and were not corrected to engine pressure levels. 


TABLK XIV 

HYBRID C OMBUSTOR EMISSIONS AT SHA-LEVI-X TAKE-OIT- CONDITIONS 
Einiislons Index fuel) 

Pilot Oxiilcj Total Combustion 

l-Ticl-Air of Carbon UiibumcJ Efficiency Smoke 


ConTiguiation Ratio Nitrogen Monoaidc llyilrocatbons (Percent) Number 


(loal 


10.0 



99.0 1 5 

III 

O.otMSi 

13.89 

15.79 

9.40 

98.5 


0.00S60 

14.92 

10.65 

6.14 

99.0 


0.00681 

16.28 

2.12 

2.01 

99.7 

112 

0.00435 

18.59 

19.36 

6.09 

98.8 


0.00553 

17 90 

3.95 

0.20 

99.9 1 


0.00791 

14.61 

3.38 

0.17 

99.9 

m 

O.I»54l 

24.98 

K.64 

0.83 

99.7 


0.00731 

24.52 

1.37 

0 

100.0 


0.00968 

24..S9 

0.75 

0 

99.9 

113 

0.000329 

I6.i<l 

23.04 

16.37 

97.5 


0.005 ;» 

17.69 

4.20 

0.32 

99.9 


0.00970 

25.88 

5.40 

0.61 

99.8 

116 

0.00233 

22.02 

16.31 

8.63 

98.6 


0.00306 

20.05 

20.28 

13.47 

97.9 4 


0.00443 

19.06 

15.53 

3.67 

99.2 2 


0.00759 

I6..57 

5.68 

0.69 

99.8 

117 

0.00765 

16.32 

4.62 

0.36 

99.8 


0.00931 

I8..5B 

6.52 

0.69 

99.8 

Notes. 

datti fur uxidt: 

‘suriiilroficii coin,‘c1c(l to 

Lombtistui iiilcl total 


lcmiieraUireor767K. . . 

!cl pfcMiirc of 

21.09 jttm, n.’fi'reiKC velocity of 


25.8 m/s, humidity of 6.29 g/kg. and combustor exit total temperature 


of 1486K (overall fucl-aif rallo of 0.02 IS). 



I'.mi&^ions of carbon monoxiilc iitJ total unbumeil liyilrtK'arhon? ct»r- 


revictl to c 

omhuslor inlet pressute of 2 

1.09 aim. 



hiiicieiv;y baaed on carbon balance data. 
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Approach Results 

The results obtained at simulated appvoacli conditions arc tabulated in Table XV. Tliese 
results showed that the lowest emissions at approach conditions were obtained with fuel 
supplied only to the pilot zone. With fuel supplied to both the pilot and main zones, higli 
emissions of carbon monoxide and unbumed hydrocai bons resulted, althougli the emissions 
of oxides of nitrogen were somewhat lower than when only tire pilot zone was used. Sup- 
plying fuel to the main zone only produced lower emissions of carbon monoxide and un- 
burned hydrocarbons thair obtained when both zones were used, but the results were not 
as good as those obtained with fuel supplied only to the pilot zone. Selected configurations 
were tested with fuel supplied to only a portion of the main injectors, and in all cases, ef- 
ficciency improved as the number of main. nozzles fueled was reduced. 


TAULli XV 

IIYURID COMBUSroa EMISSIONS AT Al'I’ROAC'H CONDITIONS 


Canfigurtilion 

Pilot 

t'ucl-Air 

Ratio 

Main Uiirner 
I'ucl-Air 
Ratio 

Oxides 

of 

Nitrogen 

limissions Index (E/ke fuel) 

ToTal 

Carbon Unburned 

Monoxide Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

112 

0.010.19 

0.00280 

4.18 

34.56 

229,20 

72.7 


0,00083 

0.00071 

2.09 

88.92 

239.03 

70.3 

lU 

0.01319 

0 

8.72 

1.50 

0.95 

99.9 

H3 - 1 1 main injectors 

0 

0.01352 

7.75 

10.57 

1.59 

99.6 

H3 • 7 main injectors 

0 

0.01.349 

7.13 

9.19 

0.32 

99.7 

H4 • 4 main injectors 

0 

0.01341 

0.51 

41.27 

1.35 

98,9 

114 

0.01381 

0 

9.34 

1.71 

0.41 

99.9 

115 

0.01325 

0 

12,0i 

1.13 

1.45 

99.8 

115 - 11 main injectors 

0 

0.01354 

3.61 

98.94 

76.56 

88.8 

IIS - 7 main injectors 

0 

0.01338 

5.53 

65.93 

63.02 

91.2 

IIS - 4 main injectors 

0 

0.01280 

6.55 

59.31 

38.86 

94.1 

lid 

0.00090 

0.00097 

3.75 

7o.04 

66.42 

90.5 


0.00480 

0.00878 

1.52 

64.56 

551.45 

34215- 

117 

0.01338 

0 

9.90 

23.88 

0.72 

99.4 


Notes: I'niisions Jala for oxiJes of iiilrojtcn corrected to combustor inlet total 

tcmpcralurc of S8(i K, inlet pressure of 8.S I atm, reference vetocity of 
2,r..1 in/s, humidity of ft.2V (t/kg, and combustor exit total temperaluK 
of 10f,2K. 

limissiolis of carbon monoxide and total iinbiirncd iiydrocarbonx corrected 
to combustor inlet pressure of S.5I atm. 

lifnciency based on caibon lialance data. 


This behavior is related to the narrow stability limits of the pilot and main zones of the 
Hybrid combustor and to the relatively severe operating conditions at approach. At these 
conditions, the overall fuel-air ratio is too low to permit simultaneous efficient operation 
of both stages. 
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lliis result is unfortunate from an operational standpoint since it would require staging of 
the main zone during engine "vcelcration for a missed approach, thereby increasing the en- 
gine-acceleration time from the approach condition. 

Climb Results 

The test results obtained at simulated climb conditions are shown in Table XVI. These data', 
were obtained at fuel splits that provided acceptable cftlcicncy levels at take-off conditions. 

At climbout, combustion efficiencies were generally over 99.5 percent with oxides of nitro- 
gen levels reduced 66 percent relative to tlie current production JT9D-7 levels. 

TABLE XVI 


HYBRID COMBUSTOR EMISSIONS AT CLIMB CONDITIONS 


Configuration 

Pilot 

Fuel-Air 

Ratio 

Emissions Index fg/ku fuel) 

Oxides . Total 

of Carbon Unburned 

Nitrogen Monoxide Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

H2 

0,00721 

10.35 

10.46 

1.29 

99.6 

H4 

0.00515 

21.75 

29.56 

29.34 

95.9 


0.00607 

18.81 

33.56 

35.05 

95.2 


0.00747 

16.42 

39.77 

40.87 

94.3 

H5 

0.00518 

9.89 

12.26 

1.47 

99.5 

H6 

0.00757 

12.22 

1 1.24 

1.36 

99.6 

117 

0.00756 

14.17 

1 1.24 

1.55 

99.6 


Notes: Emissions data for oxides of nitrogen corrected to combustor inlet total temperature 
of 735K, inlet pressure of 1 8.5 1 atm. reference velocity of 25.5 m/s, humidity of 
6.29 g/kg, and combustor exit total temperature of 1396 K. 


Emissions of carbon monoxide and total unburned hydrocarbons corrected to com- 
bustor inlet pressure of 18,5 1 atm. 

Efficiency based on carbon balance data. 

Cruise Results 

Emission data were recorded at simulated altitude cruise conditions for selected configura- 
tions because of recent concern with the effects of pollutants released by aircraft engines in 
the stratosphere. The emission data are presented in Table XVII, 
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TABLE XVII 


HYBRID COMBUS TOR EMISSIONS AT CRUISE- CONDITIONS 




Emissions Index (a/ka fuel) 


Configuration 

Pilot 
Enel- Air 
Ratio 

Oxides 

of 

Nitrogen 

Carbon 

Monoxide 

Total 

Unburned 

Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

JT9D-7* 

- 

22.2 

1.0 

0.2 

- 

H6 

0.00768 

7.89 

23.93 

4.26 

98.9 

117 

0.00762 

9,54 

28,52 

4.11 

98.8 

Notes: *Estimated values 






Emissions data for oxides of nitrogen corrected to combustor inlet total tempera- 
ture of 704 K, inlet pressure of 9.31 atm, reference velocity of 23.8 m/s, humidity 
of 6.29 g/kg, and combustor exit total temperature of 1413 K. 

Emissions of carbon monoxide and total unburned hydrocarbons corrected to com- 
bustor inlet pressure of 9.31 atm. 

Efficiency based on carbon balance data. 

Best results were achieved with Configuration 116 where combustion efficiency was 98.9 
percent and the emissions of oxides of nitrogen were reduced 64 percent relative to the cur- 
rent production JT9D-7 estimated level. 

EPAP Results 

'Hie emission results for idle, approach, climb, and take-off conditions were used to calcu- 
late E-PAP values for each configuration for whiclusufficient data were available, and the re- 
sults arc presented in Tables XVIll and XIX. Tlie emission levels used in the calculations 
were selected from test data curves to provide the best overall emission levels when com- 
promises between one class of emissions and another were required. Tlic data used loi the 
approach condition correspond to operation of the pilot only for all configurations except 
H2 and H6, where both zones were fueled. 

As shown in Tables XVIll and XIX, the best overall results were obtained with Configura- 
tion 117. Relative to the JT9D-7 production engine EPAP values, this configuration provid- 
ed a 42-pcrccnt reduction in the emissions of oxides of nitrogen, a 56-pcrcent reduction in 
the emissions of carbon monoxide, and an 82-percent reduction in the emissions of un- 
bumed hydrocarbons. 'Die improvements in carbon monoxide and total unbumed hydro- 
carbon emissions were obtained primarily at idle conditions while the improvement in the 
emissions of oxides of nitrogen were obtained primarily at take-off and climb conditions. 
Configurations 112 and 116, which were operated staged at approach, meet the oxides of ni- 
trogen goal at the expense of large increases in unbumed hydrocarbons and carbon monox- 
ide. 
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TAliLli XVllI 

HYBRID COMBUSTOR I^BA PARAMHTr'R RMISSIONS RRSULTS 




EPA Parameter 




(Ibm. pollutant/ 1000 Ibf, thrust - 




hr/lai)ding-takcoff cycle) 




Oxides of 

Carbon 

Total Unburned 

SAE Smoke 

Idle 

Configuration 

Nitrogen 

Monoxide 

Hydrocarbons 

Number 

Condition 

JT9D-7 (1) 

5.9 

8.5 

3.9 

4 

Without Bleed 

Goal (2) 

3.0 

4.3 

0.8 

15 


H2 

2.5 

8.9 

16.6 

1 

With Bleed 

H4 (3) 

4.5 

4.7 

3.2 

- 

With Bleed 

H5 (3) 

3.3 

4.6 

0.4 

- 

With Bleed 

H6 

2.9 

8.2 

5.5 

4 

With Bleed 

H7 (3) 

3.4 

10.8 

1,0 

— 

With Bleed 

H7 (3) 

3.4 

3.7 

0.7 

— 

Without Bleed 

Note; All data 

corrected to JT9D-7 engine conditions. 




(1) Based on initial production test results for combustor EC 289386. 

(2) 1979 EPA rule levels for class T2 engines. 

(3) Pilot only fueled at the approach conditions. 
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2. PERFORMANCE RESULTS 

In uddition to the combustor emission measurements, performance measurements were 
made during the Phase 11 program to determine pressure loss, exit tcmpeiature pattern, idle 
lean blowout limits, altitude stability and relight characteristics, and durability. The results 
of these measurements for the Hybrid combustor are summarized below. 

Pressure Loss 

Tile measured values of the combustor, diffuser, and total combustion system pressure losses 
are summarized in Table XX, As shown, the Hybrid combustor generally operated close to 
the goal of six percent. 


TABLE XX 

SUMMARY OF PRESSURE LOSS TEST RESULTS 
FOR HYBRID COMBUSTOR 


Configuration 

Overall 
Pressure 
Loss (Percent) 

Combustor 
Loss (Percent) 

Diffuser 
and Shroud 
Loss (Percent) 

Goal 

6.0 

— 

— 

JT9D-7 

5.4 

— 

— 

HI 

6.5 

2.6 

3.9 

H2 

6.4 

2.5 

3.9 

H3 

6.7 

2.3 

4.4 

114 

6.7 

2.3 

4.4 

H5 

5.6 

2.1 

3,5 

116 

5,8 

2.4 

3.4 

H7 

6.4 

2.8 

3.6 


Exit Temperature Data 


Exit temperature traverse data were taken at idle conditions and at simulated take-off con- 
ditions. 'llic resulting data were plotted as circumferential profiles which were then reduced 
to exit temperature pattern factors and average radial temperature profiles. It should be 
noted that the maximum allowable temperature for the traverse rake was 1800 K, which pre- 
cluded the acquisition of data at the full sea-level take-off fuel-air ratio. As a result, most 
data taken at high power conditions were obtained at a fuel-air ratio of 0.016. For these tests, 
pattern factors were calculated on the basis of the maximum temperature observed with the 
operational thermocouples. The average combustor exit temperature was compti'ed from 
the measured fuel-air ratio. 
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Tlic circumferential temperature profiles for the Hybrid combustor at idle and sea-level take- 
off conditions are shown in Figures 23 and 24. Tlicsc profiles show regions of increased temp- 
erature in line with the diffuser struts, particularly al idle conditions. Tliese data suggest 
that the sheltered regions downstream of the struts arc functioning as flameholders for the 
pilot zone. 
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CONFIGURATION H2 AT SEA-LEVEL TAKE-OFF 
COMPRESSOR EXIT TEMPERATURE 769K 
COMPRESSOR EXIT PRESSURE - 6.8 ATM 
FUEL AIR MIXTURE “0.0160 



CIRCUMFERENTIAL POSITION - RADIANS 


Hgure 24 Circiiiiifereiitial lixit Tcmih-rature Patterns for Hybrid Combmtor Configuration 112 at 
Sea-lxivl Take-Off Conditions With Fuei-Air Ratio of 0.016 


As shown in Table XXI, tlic pattern factor values for the Hybrid combustor ranged between 
0.40 and 0.47 at sea-level take-off conditions. Althougli these values arc significantly higher 
than the goal of 0.25, there was no attempt made to improve the pattern factor during the 
Hybrid test program. Values are comparable to those for the current production JT9D-7 en- 
gine. The pattern factors for the Hybrid combustor at idle conditions are very high because 
of the radial staging used at idle conditions, but, since the average temperatures are low at 
idle conditions, the higli pattern factors may not pose a turbine durability problem. 

TABLE XXI 

SUMMARY OF HYBRID COMBUSTOR EXIT 
TEMPERATURE PATTERN FACTOR RESULTS 

Pattern Factor 

Idle Take-Off - 

Configuration Conditions Conditions 


Goal 

— 

0.25 

JT9D-7 

— 

0.42 

HI 

1.33 

0.45 

H2 

1.49 

0.44 

H3 

1.02 

— 

H4 

1.10 

0.47 

H5 

1,84 

— 

Ho 

1.94 

0.40 

H7 

1.43 

_ 


A typical radial temperature profile for the Hybrid combustor at idle conditions is shown in 
Figure 25. Tlie high temperatures near the inner wall of the combustor are a consequence 
of the pilot zone location. 

At sea-level take-off conditions, the Hybrid combustor produced a radial temperature profile 
that approached the baseline profile for the JT9D-7 combustor, as shown in Figure 26. 17ie 
temperatures arc sliglitly higher than the baseline profile near the outer liner and slightly lower 
near the inner liner. 

Idle Lean Blowout Limits 

Table XXII summarizes the idle lean blowout results for the Hybrid combustor. Tlie lean 
blowout limits were all significantly higher than those for the JT9D-7 combustor and are 
unacceptable. Poor blowout characteristics are characteristic of premix type combustors. 
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Figure 25 Radial Exit Temperature foi Hybrid Combustor Configuration H2 at Idle Conditions 
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Hgure 26 Radial Exit Temperature Fattcni for Hybrid Combustor Configuration H2 at S<>a-I.evel 

Take-Off Conditions With Overall Fuel-A ir Ratio of 0.0160 and Pilot Zone Fuel-A ir Ratio 
of 0.0052 



TABLE XXII 


SUMMARY OF HYBRID COMBUSTOR IDLE 
LEAN BLOWOUT TEST RESULTS 

Idle 

Lean Blowout 

Configuration Fuel-Air Ratio 


Goal — 

■ — — 

JT9D-7 

< 0.004 

HI 

0.0077 

H6 

0.0063 

H7 

0.0067 


Notes: Data taken with simulated compressor bleed. Nominal inlet conditions were 

inlet pressure of 2.93 atm and inlet temperature of 428K. 

Altitude Stability and Relight Results 

Altitude stability and relight characteristics were determined for Hybrid combustor Config- 
urations H5 and H6, and the results are shown in Figure 27. The data have been plotted on 
the JT9D-7 engine relight envelope for comparison purposes. The outer envelope indicates 
the engine requirement for relighting with a hot engine, while the rig baseline limit mdicates 
the requirement for lighting from a cold-soak condition, which was the condition used for 
the Phase 11 combustor tests. It should be noted, however, that the minimum pressure blow- 
out limit must exceed the hot engine religlit requirement by a considerable margin if the 
engine is to accelerate successfully after ignition. 

As indicated in Figure 27, only minimum pressure blowout data were obtained for the Hy- 
brid combustor, since neither configuration tested could be lit at altitude conditions. Con- 
figuration H5 reached its minimum pressure blowout limit below the minimum required al- 
titude for relight, and, therefore, has no potential for meeting the relight requirement. Con- 
figuration 116, however, demonstrated a blowout limit above the relight altitude require- 
ment and, therefore, might be developed to meet the relight requirement througli relocation 
of the igniter plugs or modification of the fuel spray pattern. Ibe difference in altitude 
characteristics is attributed to the 50-percent leaner pilot zone equivalence ratio in Config- 
uration 116. 

Combustor Durability 

Durability problems in the Hybrid combustor were confined primarily to the pilot fiame- 
holdcr region. / series of modifications were made to correct the situation, and some im- 
provement was obtained. In C’on figuration 112, the design of the flamcholder attachment 
to the inner liner was modified to permit thermal expansion of the flameholder. In Con- 
figuration 113, cooling holes were added in the trailing edge of the flamcholder, and in Con- 
figuration 116, cooling of the outer portion of the trailing edge of the flamcholder was in- 
creased. Ihesc changes were effective in improving the durability and permitted 80 liours 
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Idie Results 

Tlic emission results obtained at idle conditions are summarized in Table XXlll. 

Data were obtained both with and without sinuilatcd bleed. Generally, the trends were the 
same for both sets of conditions for omissions of unburned hydrocarbons and oxides of ni- 
trogen, but the emission levels for carbon monoxide were significantly lower without simu- 
lated bleed. 










TABLE XXIII - _ 
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VORBJX COMBUSTOR EMISSIONS AT IDLE CONDITIONS 




Emissions Index (s/ka fuel! 


Configuration 

Oxides 

of 

Nitrogen 

Carbon 

Monoxide 

Total 

Unburned 

Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

Goal 


20 

4 

99.0 

WITH BLEED 

Sll 

3.8 

39.0 

1.2 

98.9 

SI2 

3,4 

37,7 

1.7 

98.9 

S13 

3.4 

37.7 

1.7 

98.9 

S14 

3.4 

37.7 

1.7 

98.9 

S15 

3.4 

37.7 

1.7 

93.9 

S16 

3.2 

61.6 

1.0 

98.4 

S17 

2.7 

55.3 

1.3 

98.5 

SIS 

2.9 

69.8 

l.l 

98.2 

S19 

2.8 

64.8 

0.2 

98.4 

S20 

3,1 

46.3 

6.2 

98.2 

S21 

2.9 

43.0 

2.3 

98.7 

S22 

3.1 

54.4 

2.8 

98.4 

S23 

3.6 

35.2 

1.0 

99.1 

S25 

2.9 

40.5 

0.5 

99.0 

WITHOUT BLEED 

S20 

4.0 

27.0 

3.5 

99.0 

S2I 

3.4 

28.0 

1.6 

99.2 

S22 

3.7 

39.5 

2.8 

98.8 

S23 

4.1 

35.0 

2,0 

99.0 

S24. 

3.8 

32,0 

2.7 

99.0 

S25 

3.2 

18.5 

0.5 

99.5 


Notes; Emissions data for oxides of nitrogen with bleed corrected to combustor inlet total 
temperature of 428K, inlet pressure of 2.93 atm, reference velocity of 32,0 m/s, 
humidity of 6.29 g/kg, and fuel-air ratio of 0.0126. 

Emissions data for oxides of nitrogen without bleed corrected to combustor inlet 
temperature of 464K, inlet pressure of 3.95 atm, reference velocity of 35.9 m/s, 
humidity of 6.29 g/kg, and fuel-air ratio of 0.01 00. 

Emissions of carbon monoxide and total unbumed hydrocarbons corrected to com- 
bustor inlet pressure of 2.93 atm and fuel-air ratio of 0.01 26 with bleed and to com- 
bustor inlet pressure of 3.95 and fuel-air ratio of 0.0100 without bleed. 

Efficiency based on carbon balance data. 
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(icncnilly, idle ))olUitioii rcsitlts were disappointini; in tliat earbon inoiio?tidc concentrations 
exceeded the [>oals for nearly all configurations investigated. However, the earbon monox- 
ide goal was achicveil witli (Configuration S25. Tiie total unburned hydrocarbon goals were 
achieved with most configurations, 

Attempts to reduce carbon monoxide through primary /one modifications including airflow 
redistributions, fuel spray modification, and volume mollifications were ineffective. Hie 
lack of response of the Vorbix combustor to conventional, idle emissions i-eduction tech- 
niques suggests that the throat region and the massive introduction of dilution airflow 
through the main swirlcrs immediately downstream of the throat were prematurely quench- 
ing the combustion gases and thus inhibiting earbon monoxide oxidation. Test results from 
the later Vorbix configurations, in wliich reduction of main swirler airflow was accompanied 
by reduced idle carbon monoxide levels, tend to support this conclusion. 

Take-off Results, 

The test data for sea-level take-off conditions is summari/cd in Table XXIV. 


The Vorbix combustors exhibited emission levels for oxides of nitrogen that were signifi- 
cantly below tlie current JT9D-7 production combustor level. Tliis improvement was ob- 
tained concurrently with high combustor efficiency. Several configurations approached or 
exceeded the goal for emissions of oxides of nitrogen. 

Tile modifications to reduce emissions of oxiiics of nitrogen involved changes in swirler and 
dilution airflow distribution. Significant reductions in emissions were achieved, with Con- 
figuration S23 producing an emissions index for oxides of nitrogen of only 9.0 with an 
efficiency of 99.6 percent, surpassing the sea-level take-off emissions index goal for oxides 
of nitrogen of 10. Configuration S25 achieved an emissions index for oxides of nitrogen of 
10.8 with an efficiency of 99.8 percent. Atthougli the lowest emissions for this configura- 
tion were slightly liiglier than those for Configuration S23, the overall emissions and effic- 
iency characteristics of Configuration S25 were superior, as shown in Figure 28. 

Reducing the number of main fuel injcctoi-s by 50 percent and the use of premixing tubes 
were investigated, but neither produced significant reductions in the emissions of oxides 
of nitrogen. The premixing tubes offer potential benefits of reduced tendency for nozzle 
coking and relatively constant fuel spray penetration at all operating conditions, but exhi- 
bited localized durability problems. A full evaluation of the potential of the prmnixing 
tubes was not pursued in the Phase II program, 

As with the Hybrid combustor, smoke levels measured at rig pressures were very low, rang- 
ing from SAli smoke numbei-s of I to 5. Configuration SI 2 was an exception, however, 
producing an S AU smoke number of 9. It should be noted that the absolute SAB smoke 
numbers were measured at rig pressures and were not corrected to engine pressure, 


'l AnUi XXIV 


VORBIX COMBUSTOR I'MISSIONS A’!' S)’A-LEVr.L TAKIi-OI’E CONDITIONS 


Hniissions Index ( g/kg fuel) 


Configuration 

Pilot 

FucTAir 

Ratio 

Oxides 

of 

Nitrogen 

Carbon 

Monoxide 

Total 

Unburned 

Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

Smoke 

Number 

Goal 


10.0 




15 

Sll 

0.00359 

14.60 

10.70 

0.80 

99.7 




0.00471 

15.28 

3.83 

0.10 

99.9 

— 


0.00563 

16.09 

2.36 

0.03 

99.9 

— 


0.00645 

16.86 

1.72 

0.08 

100.0 

— 

S12 

0.00357 

15.62 

18.35 

1.22 

99.4 

9 


0.00465 

15.46 

16.58 

0.44 

99.6 

— 


0.00580 

16.85 

12.72 

0.34 

99,7 

— 


0.00730 

18.46 

10.37 

0.27 

99.7 

— 

S13 

0.00884 

21.68 

6.26 

0.16 

99.8 

— 


0.00420 

19.72 

15.71 

0.90 

99.5 




0.00579 

21.79 

4.91 

0.35 

99.8 

— 


0.00900 

28.79 

4.80 

0.12 

99.9 

— 

S15 

0.00412 

13.51 

23.24 

1.26 

99.3 




0.00579 

16.07- 

19.75 

0.71 

99.5 

— 

S16 

0.00521 

17.57 

8.35 

0.16 

99.8 




0.00754 

22.87 

7.22 

0.08 

99.8 

_ _ 


0.00970 

22.64 

2.75 

0 

99.9 

— 

S17 

0.00215 

12,87 

26.73 

3.52 

98.9 




0,00422 

18.02 

11.23 

0.36 

99.7 

— 


0.00542 

19.76 

8.10 

0.22 

99.8 



0.00748 

22.48 

6.65 

0.16 

99.8 

— 


0.00983 

24.71 

3.85 

0.07 

99,9 

— 

S18 

0.00322 

20.32 

11.27 

0.26 

99.7 



0.00417 

23.18 

8.86 

0.13 

99.8 




0.00534 

25.76 

7.36 

0,10 

99.8 



0.00733 

24.97 

4.09 

0,03 

99.9 



0.00970 

24.09 

2.63 

0.02 

99.9 


S19 

0.00776 

, . 

3.45 

0.07 

99.9 



TABLF. XXIV ((’ont’cl) 


i 



limissions Index (g/kg fuel) 



Pilot 

Oxides 


Total 

C'ombustion 



I'ucl-Air 

of 

Carbon 

Unburned 

Hfficiency 

Smoke 

Configuration 

Ratio 

Nitrogen 

Monoxide 

Hydrocarbons 

(Percent) 

Number 

S20 

0.00224 

13.06 

20.63 

4.02 

99.0 

4 


0.00329 

13.79 

13.97 

0.62 

99.6 

2 


0.00445 

14.74 

9.99 

0,13 

99.7 

4 


0.00767 

18.09 

3.40 

0,03 

99.9 

3 

S21 

0.00310 

11.64 

31.87 

8.45 

98.3 

— 


0,00414 

14.04 

13.93 

0.58 

99.6 

— 


0.00692 

19.93 

4.60 

0.26 

99.9 

— 


0.00747 

21.28 

3.98 

0,13 

99.9 

1 

S22 

0.00207 

14.96 

9.29 

0.74 

99.7 

— 


0.00306 

15.10 

6.40 

0.35 

99.8 

1 


0.00422 

16.26 

4.17 

0.26 

99.9 

— 


0,00521 

16.84 

2.36 

0 

99.9 

— 


0.00600 

17,67 

1.89 

0 

100.0 

1 


0.00730 

19.18 

1.21 

0.03 

100.0 

1 

S23 

0.00208 

9.01 

'0,72 

1.05 

99.6 

2 


0.00311 

14.14 

4.16 

0.35 

99,9 

3 


0.00427 

14.80 

3.39 

0.03 

99.9 

n 


0.00523 

14.74 

2.20 

0.03 

99,9 

2 


0.00739 

18.22 

1.24 

0.13 

100.0 

1 

S24 

0.00228 

13.04 

7.26 

0.98 

99.7 

3 


0.00333 

12.94 

4.52 

0.29 

99.9 

3 


0.00458 

13.82 

2,59 

0.10 

99.9 

5 


0.00555 

13.82 

1.22 

0.10 

100,0 

5 

S25 

0,00555 



1.39 

0.03 

100.0 

2 


0.00439 

— 

2.10 

0.16 

99.9 

2 


0.00334 

11.15 

2.49 

0.16 

99.9 

2 


0.00225 

10.79 

4.52 

0.39 

99.8 

.3 


0.00587 

i2.80 

1.40 

0.03 

100.0 



0.00132 

11.49 

7.81 

0.94 

99,7 



Nolcs: Fuiiissions data for oxides of nitrogen corrected to combustor inlet total temperature 
of 767 K, inlet pressure of 21.09 atm, reference velocity of 45,0 m/s, humidity of 
6,29 g/kg, and combustor exit total temperature of 1486 K. 

Kmissions of carbon monoxide and total imbunied hydrocarbons corrected to com- 
bustor inlet pressure of 21.09 aim. 

Kfficicncy based on carbon i)alatice data. 





Figure 28 Relationship Between Fmusions of Oxides of Nitrogen and Efficency for Vorbix Combustor 

Configurations S23 and S25 


Approach Results 

Tile test results obtained at approach conditions arc shown in Table XXV. 

Unlike the Hybrid combustor, the Vorbix combustor is capable of operating with high com- 
bustion efficiency witli both the pilot and main zones fully fueled at approach. 

However, the overall emissions did not compare favorably with those of the current pro- 
duction JT9D-7 combustor at approach conditions. Althougli some configurations provided 
emissions of oxides of nitrogen that were only one half those of the production combustor, 
these configurations also produced emissions of carbon monoxide that were 12 times higher 
than those of the production combustor. Vorbix configurations that produced emissions of 
oxides of nitrogen comparable to those of the production combustor produced emissions of 
carbon monoxide that were approximately 3 times those of the production combustor. 

Climb Results 

limissions data obtained at climb i editions arc shown in Table XXVI. The data were ob- 
tained using the optimum pilot b> mer fuel-air ratio determined at take-off conditions. 
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During climb, combustion efficiencies were generally over 99.5 percent with oxides of nitro- 
gen levels reduced 70 percent when compared to current production JT9D-7 levels. 





TAULl- XXV 

VORBIX COMBUSTOR FMISSIONS A'l' APPROACH CONDITIONS 


Bmissioiis Index (n/kK fuel) 


Configuration 

Pilot 

Euel-Air 

Ratio 

Oxides 

of 

Nitrogen 

Carbon 

Monoxide 

Total 

Unburned 

Hydrocarbons 

Combustion 

Kfficicncy 

(Percent) 

Sll 

0.00744 

5.07 

20.40 

1.65 

99.3 


0.00956 

6.72 

11.21 

0,44 

99.7 

S12 

0.01300 

9.97 

6.01 

0.30 

99.8 

S17 

J).01358 

4.60 

12.48 

0.32 

99,7 

S18 

0.00265 

3.61 

54.19 

33.40 

94.8 


0.00547 

7.04 

20.76 

1,53 

99.3 


0.00808 

7.08 

15.50 

0.32 

99.6 


0.01070 

6.05 

15.34 

1.14 

99.5 

S20 

0.00688 

5.54 

15.63 

2.16 

99.4 


0.00703 

5.36 

13.09 

0.63 

99.6 


0.01040 

8.57 

9.48 

0.16 

99.8 


0.01048 

8,92 

7.92 

0,32 

99.8 

S21 

0.00582 

4.24 

45.91 

23.71 

96.1 


0.00754 

5.16 

19.74 

2.82 

99,2 

S22 

0.00458 

3.55 

47.68 

14.79 

97.1 


0.00658 

4,68 

23,13 

1.70 

99.3 


0.00935 

6.51 

22.18 

1.21 

99.3 

S23 

0.00496 

3.88 

41.79 

6.37 

98.3 


0.00705 

4.62 

22.03 

1.18 

99,3 


0.00986 

7.46 

14.14 

0.48 

99.6 

S25 

0.00977 

6.54 

21.85 

0.72 

99.4 


0.00682 

4.34 

30.94 

1.92 

99.0 


0.00481 

3.10 

51.42 

13.45 

97.2 


Notes: Kmissions data for oxides of nitrogen corrected to combustor inlet total tempera- 

ture of 586 K, inlet ijrcssure of 8.51 atm, reference velocity of 40.7 m/s, humidity 
of 6.29 g/kg, and combustor exit total temperature of 1062 K. 

Kmissions of carbon monoxide and total unburned hydrocarbons corrected to com- 
bustor inlet pressure of 8.51 atm, 

Kfficicncy based on carboti balance data. 
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TABU- XXVI 


VOKBIX COMBUSTOR EMISSIONS AT (’MMB CONDITIONS 


I’missioiis Index (g/kg fuel) 


Configuration 

Pilot 

Fuel-Air 

Ratio 

Oxides 

of 

Nitrogen 

Carbon 

Monoxide 

Total 

Unburned 

Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

SI 1 

0.00418 

12.03 

9.12 

0.54 

99.7 

S13 

0.00604 

12.40 

8.48 

0.33 

99.8 

S17 - Pilot Only 

0.01976 

10.34 

2.98 

0.13 

99.9 

S18 

0.00304 

15.41 

9.10 

0.33 

99.7 

S20 

0.00764 

15.14 

2.70 

— 

— 

S22 

0.00209 

10.50 

12.93 

2.37 

99.4 

S23 

0.00389 

11.37 

4.85 

0.14 

99.9 

S25 

0.00228 

8.53 

8.80 

0.91 

99.5 


Notes: nmissioiis data for oxides of nitrogen corrected to combustor inlet total tempera- 

ture of 735 K, inlet pressure of 18.51 atm, reference velocity of 44.5 m/s, humidity 
of 6.29 g/kg, and combustor exit total temperature of 1396 K. 


Emissions of carbon monoxide and total unburned hydrocarbons corrected to com- 
bustor inlet pres.sure of 18.51. 


Efficiency based on carbon balance data. 


Cruise Results 

Emissions data obtained at simulated cruise conditions arc shown in Table XXVII. All con- 
figurations provided substantial improvements in the emissions of oxides of nitrogen relative 
to the current production JT9D-7 engine levels, with the best configuration providing an 
improvement of approximately 80 percent. Emir'' ans of total unburned hydrocarbons 
and carbon monoxide were considerably higher than those of the current production 
JT9D-7 engine. 

EPAP Results 

EPAP values were calculated for each configuration for which sufficient data were available, 
and the results are shown in Tables XXVllI and XXIX. As for the Hybrid combustor, the 
emission levels used in t!ie calculation were selected from test data curves to provide the 
best overall emission levels when compromises between the varimis classes of emissions were 
required. Most configurations produced lower emissions ol oxides of nitrogen and un- 
burned hydrocarbons than the goal levels, but none met the goals for carbon monoxide 
emissions. 


It appoais tlu>t improvements in carhon monoxide ievcis could be achieved by pcrmittirii' 
increases in oxides of nitrogen without exceeding tluit goal level. One way this can be ac- 
complished is by increasing the pilot fuel-air ratio at each staged simulated engine cycic point. 
For example, configuration S25 produced FI’AF values of 2,2, 6. .5 and 0,3 respectively for 
oxides of nitrogen, carbon monoxide and total unburned hydrocarbons. For these data, 
pilot fucl*air ratios were 0.00687 at approach, 0.00228 at climb and 0.00225 at takeoff. 
Substituting data obtained witli pilot fuel air ratios of 0,00977 at approach and 0.00587 at 
takeoff produces HPAP values of 2.4, 5,7 and 0.2, It appears that increasing pilot fuel-air 
ratios at the climb conditions would further reduce carbon monoxide levels. However, climb- 
out data for S25 were obtained only at the 0.00228 condition. 

TABLE XXVIl 

VORBIX COMBUSTOR EMISSIONS AT CRUISE CONDITIONS 


Configuration 


Em issions In dex ( g/ kg fuel) 

Pilot Oxides ’ Total Combustion 

Fuel-Air of Carbon Unburned Efficiency 

Ratio Nitrogen Monoxide Hydrocarbons (Percent) 


JT9D-7* 



1.0 

0.2 

“■ 

SI 1 

0.00402 

6.52 

28.39 

41.38 

94.5 

S18 

0.00498 

13.47 

15.72 

0.25 

99.6 


0.00590 

13.30 

1 2.65 

0.12 

99.7 


0.00692 

14.06 

1 1.02 

0.07 

99.7 

S20 

0.00405 

7,39 

22.74 

0.88 

99,4 


0,00606 

8.57 

1 1.65 

0,15 

99.7 


0.00817 

10.46 

5.68 

0 

99.9 

S22 

0.00270 

6.99 

28.40 

7.10 

98.5 

,S23 

0.00395 

7.02 

1 1 .96 

0.65 

99.6 

S25 

0.00245 

4.48 

22.29 

3.97 

99.0 


* Estimated values 

Notes; Emissions data for oxides of nitrogen corrected to combustor inlet total tempera- 
ture of 704 K, inlet pressure of 9.31 atm, reference velocity of 41.8 m/.s. humidity 
of 6.29 g/kg, and combustor exit total temperature of 1413 K. 

Emissions of carbon monoxide and total unburned hydrocarbons corrected to com 
bustor inlet pressure of 9.31 atm. 


Efficiency based on carbon balance data. 
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TABL12 XXVIII 


VORBIX COMBUSTOR I2PA PARAMRTBR EMISSIONS RESULTS 


HP A Parbiiieter 


Configuration 

(Ibm pollutant/ 1000 Ibf 

thrust-lir/landing-take-off cycle) 

Oxides Total 

of Carbon Unburned 

Nitrogen Monoxide Hydrocarbons 

SAE 

Smoke 

Number 

Idle 

Condition 

JT9D-7(1) 

5.9 

8.5 

3.9 

4 

Without bleed 

Goal (2) 

3i) 

4.3 

0.8 

< 15 


Sll 

3.0 

9.1 

0.3 

— 

With bleed 

S18 

3.4 

14.8 

0.3 

— 

With bleed 

S20 

3.3 

9.6 

1,1 

2 

With bleed 

S20 

3,5 

6.2 

0.7 


Without bleed 

S22 

2.6 

12.9 

0.9 

1 

With bleed 

S22 

2.7 

10.3 

0.9 


Without bleed 

S23 

2.5 

8.7 

0.3 

2 

With bleed 

S23 

2.6 

8.6 

0.5 


Without bleed 

S25 

2.2 

10,4 

0.3 

3 

With bleed 

S25 

2.2 

6.5 

0.3 


Without bleed 


( 1 ) Based on initial production test results for combustor EC 289386 

(2) 1 979 EPA rule levels for class T2 engines 

Note; All data corrected to JT9D-7 engine conditions 
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landing-takeoff CYCLE POINT EMISSION INDICES FOR VORBIX COMBUSTOR 
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Overall, the best results were obtained with Configuration S25, which provided IvPA para- 
meter values for all emissions species that were substantially lower than those of the current 
production JT9D-7 engine. Reiativc to the JT9D-7, Configuration S25 provided a 63-per- 
cent reduction in oxides of nitrogen, a 24-perccnt reduction in carbon monoxide, and a 92- 
percent reduction in total unburned hydrocarl^ons. 

Correlation of the efficiency data for idle, approach, climb, and sea-level take-off reveals an 
important characteristic of the Vorbix combustor, as shown in Figure 29. At idle condi- 
tions, the combustion efficiency drops off rapidly at pilot fuel-air ratios below 0.009, but 
the efficiency becomes progressively higher for a given pilot fuel-air ratio as the power level 
is increased. Tliis characteristic indicates that fuel scheduling between the pilot and main 
zones can be effective in minimizing emissions at any intennediate power level. 



PILOT FUEl.-AIR RATIO 


Figure 29 Ffficiency Oiaracteristicii for Vorbix Combustor Configuration S25 as a Function of Pilot 
Xone Fuel- Air Ratio 
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2. PERFORMANCE RESULTS 

As for the Hybrid combustor, performance measurements were made during the Phase 11 
program for the Vorbix combustor to determine pressure loss, exit temperature pattern, 
idle lean blowout limits, altitude stability and relight characteristics, and durability. 

Pressure Loss 

The measured values of combustor, diffuser, and total combustion system pressure loss are 
summarized in Table XXX, As shown, the initial configurations of tlie Vorbix combustor 
operated with pressure losses in excess of seven percent. This high loss level resulted pti- 
marily from the high shroud losses around the combustor front end, A significant reduction 
in the losses was achieved in later configurations througli incorporation of a hood to stream- 
line the flow around the Vorbix front end, 'Hie hood was retained for Configuration S25, 
but an increase in the losses occurred as a result of a change in the front-end airflow sched- 
ule, since the hood was specifically sized for the airflow requirements of Configuration S23. 

TABLE XXX 

SUMMARY OF PRESSURE LOSS TEST RESULTS 
FOR VORBIX COMBUSTOR 



Overall 


Diffuser 


Pressure 

Combustor 

and Shroud 

Configuration 

Loss (Percent) 

Loss (Percent) 

Loss (Percent) 

Goal 

6.0 

— 

— 

JT9D-7 

5.4 

— 

— 

Sll 

7.2 

2.7 

4.5 

S12 

7.2 

2.7 

4.5 

S13 

7.2 

2.7 

4.5 

S14 

7.2 

2.7 

4.5 

S15 

7.2 

2.7 

4.5 

S16 

7.3 

2.7 

4.6 

S17 

7,3 

2.7 

4.6 

SIS 

6.1 

2.4 

3.7 

S19 

6.2 

2.3 

3,9 

S20 

5.6 

2.3 

3.3 

S21 

6.0 

2.8 

3.2 

S22 

5.6 

2.5 

3.1 

S23 

4.6 

2.3 

2.3 

S24 

4.6 

2.3 

2.3 

S2S 

6.9 

2.5 

4.4 
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Exit Temperature Data 

When tlicnnocouplc durability problems limited the amount of temperature data available, 
pattern factors were calculated on the basis of tlie hottest temperature reading obtained 
from the functioning thennocouplcs and an average temperature calculated on the basis of 
tlie mcasurcd fuel-air ratio. Most of tlie data for higli power operating conditions was ob- 
tained with a fuel-air ratio of 0.016 to limit the maximum temperatures and promote ther- 
mocouple life. 

Tlic circumferential temperature profiles for the Vorbix combustor at idle and .sea-level 
take-off conditions are shown in Figures 30 and 3 1 . Tlicsc data show far less scatter than 
those for the Hybrid combustor, and the temperature patterns do not appear to be influ- 
enced adversely by the strut wakes. 



Figure 30 Circumferential Fxil Tcmperattire Patterns for Vorhix Combustor Configuration S20 at Idle 
Conditions 
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Figure 31 Circumferential Fxit Temperature Fattenis for Vorbix Combustor Configuration S20 at 
S'ea-Level Take-Off Cvitilitions With Fuel-Air Fatio of 0.0 lb 

Pattern factors are shown in Tabic XXXI and range from 0,42 to 0.93 at take-off condi- 
tions. Although the best configuration provided a pattern factor ecpial to tliat of the cur- 
rent JT9D-7 production combustor, it remained 68 percent above the goal, indicating the 
desirability for further development. 

riie radial temperature profile obtained at idle conditions is shown in I-'igure 32. Unlike the 
Hybrid combustor which produced high temperatures near the inner wall because of the ra- 
dial displacement of the pilot and main burner /.ones, the Vorbix combustor produced a 
relatively uniform profile at idle conditions. This uniform profile i.s one benefit of axial 
rather than radial separation of the two combustor stages. 

High-temperature radial temperature profiles for selected Vorbix combustor configurations 
are shown in higiire 33. 'nie.se plots show that the profile is .sensitive to the configurational 
changes. Several configurations provided profiles similar to the ,rr9l)-7 target profile. 
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Figure 32 Rndial Rxit Temperature Pattern for Vorbix Combustor Configuration SJ6 at Idle Conditions 



Figure 33 Radial Exit Temperature Patterns for Selected Vorbix Combustor Configurations at 

Sea-Level Take-Off Conditions 

Idle Lean Blowout Limits 

The Vorbix combustor idle lean blowout data are presented in Table XXXII, As shown, 
all Vorbix combustor configurations except Configurations SI 1 and S21 provided lean 
blowout limits lower than those for the JT9D-7 combustor. Configuration S21 had a high 
pilot swirler airflow which produced a leaner pilot zone and consequently increased the 
overall combustor fuel-air ratio at lean blowout. 
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ALTITUDE IN METERS 


! 


Altitude Stability and Relight Results 

The allitmlc sUibilily and relight data for the Vorhix combustor revealed that the character- 
istics are sensitive to the pilot swirler configuration. 'Ihe initial results obtained for Config- 
urations SI 9 and S20 arc shown in I'igure 34, 'Ihe results approach the engine rc(]uiremenl 
aiul compare favorably with results from rig tests for the JT9D-7 combustor. The effect of 
the pilot .swirler modification incorporated in Configurations S24 and S25 is shown in b'ig- 
lire 35. These data indicate significantly poorer altitude stability and relight cluiracteristics. 
In an attempt to improve performance, Configuration S24 was retested with a liigli -pressure 
drop fuel noz/ile. Results are shown in Figure 36. As shown, this change was effective in 
improving the altitude stability and relight performance, but it did not achieve the capabili- 
ties of Configurations S19 and S20. 


0.681 Kg/s 0.858 Kg/S 1,034 Kg/S 1.24-3 Kg/S 



Hgwv 34 Altitude Stability and lielighi Characteristics of Vorbix Combustor Configurations S19 and 
S20 Shown on JT9D-7 Altitude Relight Envelope 
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It should be noted that retention of tlie good altitude and rcliglU capabiliUes demonstrated 
in C'onfigurations SI 9 and S20 could rc<|uire compromise of tlic good emissions characteris- 
tics demonstrated in the later configurations. Achievement of botli characteristics concur- 
rently is expected to rccpiirc considerable development. 


Combustor Durability 


The Vorbix combustor experienced only minor durability problems consisting of localized 
hot spots on the combustor liners. Configuration S2 1 , however, experienced local burning 
in the vicinity of the main burner premixing tubes. 

D. COMBUSTOR STATUS ASSESSMENT 


Summaries of pollution results for the best performing configuration of each combustor 
concept, Hybrid Configuration H7 and Vorbix Configuration S25, are contained in Figures 
37 38, and 39. JT9D production engine data are also included for comparison. A summary 
of performance results .and status for both concepts are contained in Tables XXXIJl and 

XXXIV. 



Hsvrc 37 iMm Characteristics for Oxides ofmragen Versus Perceut Pugine nrust 
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Figure 38 Fmission Characteristics for Carbon Monoxide Versus Percent Engine Thrust 
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Figure 39 Fmission Characteristics for Total fJnbumed Hydrocarbons Versus Percent Fngine Thrust 
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TABUi XXXIII 
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X 

X 
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TABLE XXXIV 

VORBIX COMBUSTOR PERFORMANCE RESULTS 


Currently Meets 
Requirement 


Pressure Loss 

Exit Temperature 
Pattern Factor 

Radial Exit Tem- 
perature Profile 

Idle Stability (Lean 
Blowout) 

Altitude Relight 
Characteristics 

Durability 


Should Meet 
Requirement With 
Normal Development 


X 

X 


Should Meet 
Requirement With 
Extensive Development 


Carbon F'onnation 


X 


I 


Oil tlic basis of tlicsc results, tlic Vorbix combustor was dccinud the more promising design 
and the one most readily adaptable to engine instailation. Tlius, the Vorbix concept was 
selected for additional Phase 11 testing and for the engine testing. The best all-around com- 
bustor configurations, Vorbix combustor Configuration S25 and Hybrid combustor Config- 
uration H7, exhibited significant liPA parameter emissions reductions compared to the 
JT9H production combustor while maintaining smoke below the visible threshold. Both 
of these combustor-configurations have been developed to the extent that either of them 
could have been chosen for the Phase 111 engine demonstration tests. 

Determining factors in the Phase III selection were tlie generally good performance as- 
pects of the Vorbix combustor, including tlie ability to operate full staged at approach. 

With the exception of tlie program pattern factor goal, this design currently meets, or 
should meet witli nonnal development, all engine performance requirements. Vorbix pat- 
tern factors, while not at the goal level of 0.25, are equivalent to current production JT9D-7 
levels. 

E. PHASE 111 ENGINE DESIGN 

A representative cross-section of the Phase III engine design is shown in Figure 40. Tliis 
configuration is expected to produce emissions comparable to those produced by Config- 
uration S25 in Pliase 11. The Phase III configuration closely resembled Configuration S25 
except for a number of minor changes required to incorporate the combustor into tlie en- 
gine and facilitate installation. A common cast fuel injector support has been designed for 
both the pilot and the main burner zone to reduce fabrication cost. In addition, to reduce 
diffuser case distrotion, the pilot fuel injector mount pads will be clustered in groups of 
three. The pads will be mounted on ten bosses welded to the diffuser case. Clustering re- 
duces the amount of case welding required and also eliminates interference with the diffuser 
case bleed bosses. 

Other minor changes inciude an increase in pilot zone swirler travel to allow radial growth 
and a revised cooling airflow distribution. In addition, sturctural considerations dictated re- 
vision of the mount pin arrangement and stiffening of the throat cooling air scoops to pre- 
vent flutter. 
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Figure 40 PreUminary Design of Phase III Vorbix Combustor for Demonstration Engine Testing 
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CHAPTER IV 

FUEL CONTROL DESIGN STUDY 
A, INTRODUCTION 

A fuel control design study was conducted as part of Phase II to identify control system rc- 
quircincnts added by the staged combustor concepts developed in the Experimental Clean 
Combustor Program. A number of conceptual ilcsigns wliicli satisfy the functional require- 
ments were specified, and the most promising concepts were selected on the basis of available 
technology and estimated life cycle cost. 

The study was conducted in two parts. The first addressed modification of the current JT9D 
fuel control witli a minimum number of changes to meet the requirements of the staged Vor- 
bix combustor. This concept was based on 1975 technology and included specific design 
work to prepare a design for a breadboard control system for Phase 111 engine testing. The 
breadboard engine fuel control design for Phase III engine testing is described in this chap- 
ter. Items relating to identification of candidate schemes, concept evaluation and concept 
selection are contained in Appendix C. 

In the second part of the study, new design concepts using projected 1985 technology were 
explored. These study results are also contained in AppendixX. 

B. FUEL CONTROL DESIGN REQUIREMENTS 

The current JT9D-7 fuel control unit is a hydroinechanical device which sets engine thrust by 
scheduling and distributing total engine fuel flow as a function of power lever position, high- 
pressure rotor speed, and limiting parameters such as combustor pressure. 

The combustor pressure and fuel flow envelopes corresponding to the altitudc-Mach number 
operational envelope of the JT9D-7 engine are shown in Figure 41. The current production 
single-stage combustor system employs duplex fuel nozzles, with the cut-in point of the sec- 
ondary fuel flow occurring at a fixed value of overall fuel flow. Effectively, the staging point 
is independent of overall combustor fuel-air ratio, and the primary /secondary split can be 
quite different at various engine power levels and operating altitudes. In addition to the fuel 
control function, the engine control unit schedules variable compressor stator vane angle and 
compressor bleeds. 

Two-stage combustors, of the type developed in the Experimental Clean Combustor Program, 
arc characterized by two separate combustion zones and two physically separate sets of fuel 
injectors and manifolding. Since each combustor zone must be operated within generally nar- 
row limits for optimum emission formation and combustion efficiency, fuel distribution to 
each zone must be based on engine fuel-air ratio rather than total fuel flow. In addition, a 
number of mechanical constraints such as maximuni fuel pump pressure, minimmn control- 
lable flow rate, fuel nozzle turn-down ratio, manifold head effect, etc., act to further limit the 
fuel control designer’s freedom in varying pilot to main fuel distribution. Preliminary 
specification of the pilot/niain fuel split for the two-stage Vorbix combustor operating at 
sea-ievcl is shown in Figure 42. Minimum and maximum limits are imposed on the pilot zone 


fuel-air ratio to iircvcnt lean blow out and excessive thermal stresses m the pilot zone These 
limits were developed from the Phase II combustor rig testing, and dclinc the practical opera- 
ting envelope which can be used for pilot/main zone fuel schedule optimization m the engine 

during the Phase 111 effort. 
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Figure 42 Fuel Scheduling Requireineiits for Two-Stage Vorbix Combustor Based on Phase F 
Experimental Clean Combustor Results 



An udditiomil requirement imposed by the staged Vorbix combustor is that passage through 
the staging point (transition from 100 percent pilot to pilot plus main /.one operation) must 
be accomplished in a rapid and continuous manner. 'I’his is rc(iuirod for reasons of flight 
safety, and is specified by the I'AA Airwortliincss Standards (Reference 4) in terms of a five- 
second maximum allowable elapsed time for engine acceleration from flight idle to 95 per- 
cent thrust The current production JT9D-7 fuel system is fully staged at ground idle, there- 
by eliminating “fill time” delays associated with the volume of the secondary fuel manifold, 
distribution tubes, and fuel nozzle supports. However, the Hxpcrimental Clean Combustor 
Vorbix combustor must stage between the idle and approach operating conditions. Uncom- 
pensated manifold fill time delays will seriously impact engine transient response. For this 
reason, significant effort was devoted to minimizing this problem in the definition of candi- 
date fuel control design concepts. 

C. FUEL CONTROL BREADBOARD DESIGN FOR PHASE III 
ENGINE TESTING 

The breadboard fuel control and distribution system for the Phase III engine demonstration 
testing is shown schematically in Figure 43. This arrangement utilizes existing JT9D fuel 
control components where feasible, and retains the engine control stator vane and bleed 
schedule functions intact. The main fuel pump, main fuel control, and the fuel-oil cooler 
are JT9D production components used without alteration. The flow distribution valve (per- 
cent split valve) will be similar to a Hamilton Standard Division component with appropriate 
modifications to meet the flow requirements of the Vorbix combustor. The percent split 
valve is controlled by a reprogrammable PDF 1 1/40 digital computer. Overall combustor 
fuel-air ratio, required as a principal control parameter, is sensed by its proportionality to 
total fuel flow divided by combustor inlet pressure. Manifolds, staging valve operation, etc, 
will be functionally identical to hardware intended for eventual flight use. 



Figure 43 Preliiniitury Desigit of iireailboanl Fuel Control for Phase III Hitginc Testing 







u. Hsurc 43, 1 ,alvc. will circulate all mail. r,onc fuel back to tlic pump 
tZ. “uirctalalton modc'thc Irausfcr val.oa 

to the main zone fuel injectors. 

meveu solenoid valves arc provided for the pilot zone ^T en^m 

fuel flow to ten fuel ~ In pairs, 

S Sn zr fuelWectom are controlled by sixteen solenoid v-~ged to per- 
mit circmiferential zoning or sequencinjin staggered groups of four injectors. 

Flexibility in scheduling tbc star, fuel flow .provided 

v^c - -vlLtdd^:— valve on demand. The excess fuel 
not required for starting will then be diverted to the pump inlet, 

and to permit investigation of alternate fuel system arrangements. A 
tern was provided to prevent coke formation in tlie main zone fuel system under hot shut- 
down conditions. An emergency fuel shutoff valve was included to ensure fail-safe engine 
shutdown in the event of a component or logic failure. 
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CHAPTER V 


CONCLUDING REMARKS 

Tlic Pliasc II program successfully documented ^hc potential of the Hybrid and Vorbix com- 
bustors and provided a firm basis for selection of the configuration for the Phase lILengine 
test. Both concepts provided significant improvements in emissions relative to the current 
production JT9D-7 combustor, although neither fully met the program goals. Tlic Vorbix 
combustor was selected for continuation to tlie Pliasc 111 engine demonstration program 
primarily on the basis of its greater potential for achieving the performance goals without 
excessive compromise of tlie emission levels. The Hybrid combustor was deficient in both 
idle stability and altitude relight capability, and required unstaged (pilot only) operation 
at the approach power_setting to achieve acceptable combustion efficiency. 

When projecting the emissions reduction technology documented in Phase II, it must be 
borne in mind that the quoted emission levels have been extrapolated from data obtained 
from a sector rig tested at a maximum inlet pressure of six atmospheres. Furthermore, a 
number of perfonnance items will require additional development before production engine 
applications can be considered. These are summarized in Chapter III. In partieular, Vorbix 
Configuration S25 is deficient in altitude relight capability. Earlier configurations showed 
acceptable relight characterisites, but tlie corresponding emission levels were less favorable. 
Tliese performance deficiencies are considered to be correctable with additional develop- 
ment, but the eventual impact on emissions has not been fully defined. 

The objectives of the Phase III effort are to verify the pollutant reductions achieved in test 
rigs in an engine environment and to demonstrate the suitability of the ECCP combustor 
concept for engine applications. Of primary interest will be assessment of transient accel- 
eration/dcceleration operation, which cannot be adequately tested in a component rig. At 
the present time, achievement of satisfactory transient operation appears to be a fuel con- 
trol requirement due to the axially-staged arrangement of the Vorbix combustor, However, 
engine testing is needed for proper evaluation. A potential problem area that cannot be as- 
sessed from the Phase II rig testing is fuel decomposition and coking in the main zone fuel 
system under conditions of hot unstaging (rapid engine deceleration). The Phase HI engine 
fuel control will be equipped with a nitrogen purge system to minimize this problem. 

Atthougli the Pliasc III program will provide a realistic demonstration of technology, it is 
recognized tiiat this program will not provide a combustor configuration that is fully de- 
veloped for commercial use. In particular, assessment of the long-term hardware durability 
and determination of the engine operating characteristics at altitude are beyond the scope 
of the current effort. However, the results obtained from the engine testing will permit an 
improved estimation of the pollution reduction technology achievable in practice, as well as 
the magnitude of additional development still required, 

The engine test program will be conducted using an experimental JT9D engine installed in a 
sea-level static test cell. The first portion of the test program will consist of a minimum of 
30 hours of steady-state operation, with the objective of measuring emission levels and cha- 
racterizing combustor performance. The test matrix is presented in Table XXXV. This test 
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matrix is structured around the four power settings dcl'ined by the liPA for the calculation 
of the lU’A Parameter, Additional points have been added to Cully characteri/.e the part-power 
emissions characteristics. Variation of the pilot/main fuel split is a primary test variable at the 
higher engine power settings. 'I'hc engine will be fitted with extensive first turbine vane ther- 
mocouple instrumentation during the initial steady-state testing to determine combustor exit 
temperature distribution, b'ollowing determination of the temperature profile under actual 
engine operating conditions, tlie thermocouple instrumentation will be removed to permit 
testing to the maximum engine thrust allowed by turbine durability limits. 

tabu; XXXV 
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Twenty hours of transient testing will be conducted following documentation of pollutant 
emission levels and demonstration of satisfactory combustor performance under steady-state 
conditions. This testing will consist of a series of progressively more rapid engine accelera- 
tions from idle to maximum allowable thrust and deceleration back to idle. The objective 
of this testing is to assess the transient operational characteristics of the combustor and fuel 
control concepts. Particular attention will be paid to passage through tltc pilot/main staging 
point. The Phase 111 fuel control is designed to permit considerable adjustment in tucl 
management at the staging point. No emissions data will be acquired during the transient 
portion of tlie engine test program. 

Three exhaust gas sampling techniques will be investigated, as indicated in Table XXXV. 

The principal method will involve use of an exhaust plane rake having eight, equally spaced (45 
degrees ajTart) radial arms, each having three sampling ports located at centers of equal areas. 
This rake will provide a total of 24 manifolded lationary sampling ports located within the 
core engine e.xhaust stream. Variations to be investigated include reduction to four radial 
arms, spaced 90 degrees apart, for a total of 1 2 sampling ports and traverse of the eight arm 
probe over a 45 degree sector, thus covering the engine exhaust plane at 5-degree intervals. 

A secondary objective of this portion of the program will be to assess sampling tccimiques 
for representative gas sample acquisition, 
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no 

1.51 

5 

1.3? 

97 

1.7G 


lb 

1.93 

GO 

1.75 

r> 

• 37 

B1 

I.I 1 


1G 

7.1G 

GO 

2.19 

“7^ 

1.37 

9? 

1.7() 


1 7 

7.31 

m 

2.52 

H 

13? 

177 

I.G? 


IB 

7.3G 

60 

7.G3 

9 

i.r>9 

8b 

I.GS 


19 

1.59 

no 

2.17 

Ul 

1 59 

8b 

1.88 







PILQT BURNER FLAMEHOLDEH 
PILOT BURNER FLAMEHOLDER WEEP 


94 C« 0.80 X 10'^ DIAMETER 


47.2G 


AREAm^X lo'* 


PILOT BUHNER FLAMEHOLDER COOLING ION INNER WALLl 38 5? 0.264 X 10'^m DIAMETER 


MAIN BUHNER INNER SWIRLER 
BULKHEAD COOLING 


1 1 RIGHT HAND SWIHI EHS 


170 610.254 X 10 ‘m DIAMETER 


LOUVER 2 (0° APART 3° OFF STRUT 1 14 O 1.913 X 10‘^m DIAMETER 


0.0528 HAD. 1| SLOTS 1.524 X 0.G27 X 10 


,- 3 .. 


12 60 1.885 X 10'^m DIAMETER 


DILUTION 

DILUTION LOUVER 2 (0.105 RAD. APART 
OFF STRUT q I 

DILUTION LOUVER 14 (IN LINE WITH MAIN BURNER 
NOZZLEl 

DILUTION LOUVER 10 (BETWEEN MAIN BURNER 
NOZZLEl 

FINWALL® (INNER WALLl 
FINWALL®(0UTEH WALLl 
SIDEWALL COOLING 
TURBINE COOLING (INNER WALLl 
TURBINE COOLING (OUTER WAI LI 
PILOT BURNER NOZZLE ■■ P/N 
MAIN BURNER NOZZLE P/N 

MODIFICATIONSREFERENCE 112 
BLOCK MAIN BUHNER OUTER SWIRLER 
REDUCE MAIN BURNER INNER SWIRLER AREA 

INSTALL COOLING HOLES ON INNER LINER TRAILING EDGE OF PILOT BURNER FLAMEHOLDER 
ADD DILUTION HOLES TO OUTER I INI R ROWS 14 AND 15 


7.43 AcD (EFFECTIVE AREAl 

1.G2 

25,34 Aco (EFFECTIVE AREAl 
8.01 
40.23 
57.G3 


33.52 


1.01%Wab (BURNER AlRFLOWl 
1.23% Wab (BURNER AlRFLOWl 
5,00 %Wa 4 (TOTAL AIRFuO'/y 
7.5% Wa4 (TOTAL airflow 
8.4% Wa4 (TOTAL AIRFLOW 
27700 11, 10 LOCATIONS 
LOW AP. 11 locations 


STATION 41 
STATION 41 
STATION 4! 


Fietirc A - .? Hybrid Qmhualor Configiiratioii 1 13 




V 



INNER LINER I 

“ 

OUTER 

LINI-H 

zq 

louver 

01 A. 
mX 10^ 

■ HOLES 

AREA 
X lO "* 


LOUVER 

DIA. 

[ii X 10 ^ 

HOLES 

AREA 1 

? V 

m X 10 

1 

\.27 

85 

1.1 ; 


11 

1.33 

110 

1.51 

7 

1.32 

80 

1.1 7 

L 

13 

1.3; 

no 

1.51 

3 

1.3? 

86 

1.17 


13 

1.32 

110 

1.51 

4 

1.3? 

86 

1.17 


14 

1.32 

1 10 

1.51 

5 

1.32 

92 

1.26 

_ 

_ 

16 

1.93 

GO 

1.75 

6 

1.3? ^ 

81 

1.11 


U3 

3.1G 

60 

2.19 

/ 

1.32 

92 

1.2C 


17 

2,31 

00 

3.52 

8 

1.33 

132 

1.67 


18 

2.36 

60 

2.63 

9 

1 59 

85 

1.68 


10 

1.59 

110 

2.17 

10 

1.59 

86 

1 r.H 







PILOT BURNER PLAMEHOLOER 
PILOT BURNER FLAMEHOLOtH WEEP 
PILOT BURNER FLAMEHOLDER COOLINti fON INNER 
MAIN BURNER INNER SWIRLER WALL1 

BULKHEAU COOLINo 

DILUTION ~ LOUVER 7 (6° APART - 3® OFF STRUT q_l 

DILUTION LOUVER 2 (0.105 RAD. APART - 0.062 RAD. 
OFF STRUT I 

DILUTION LOUVER 1-1 (IN LINE WITH MAIN BUHNER 
NOZZLE1 

DILUTION LOUVER 16 (BETWEEN MAIN BURNER 
NOZZLEI 


D4 ?! 0.80 -X in'^m DIAMETER 

38 e> 0.264 X lO'^m DIAMET3H 
11 RIGHT HAND SWIRLERS 
170# 0.254 X 10'^m DIAMETER 
14# 1.913 X 10'^m DIAMETER 
11 SLOTS 1.624 X 3.627 X 10'^m 

12# 1.885 X lO ^in DIAMETER 


AREA X 10"^ 


47.26 

7.43 Acd (EFFECTIVE AREA) 
1.92 

25.34 Acu (EFFECTIVE AREAI 

8.61 

40.23 

57.63 


33.52 


FINWALL®(INNEH WALL) 

HNWALL®(OUTER WALL) 

SIDEWALL COOLING 

TURBINE COOLING (INNER WALL) 

TURBINE COOLING (OUTER WAl.LI 
•PILOT BURNER NOZZLE PIN 
MAIN burner NOZZLE P/N 

MODIFICATIONS 

INSTALL SOLID SPRAY CONE NOZZLES IN PILOT 


1.01*Wab (BURNER AIRFLOWI 
1.23% Wab (Burner airflow) 

B.00%Wa4 (TOTAL AIRFLOW STATION 4) 

7.5% Wa4 (TOTAL airflow STATION 41 
8.4% Wa4 (total airflow STATION 41 
DLN 34800 10 LOCATIONS (SOLID SPRAY CONE) 
LOW AP II LOCATIONS 
REFERENCE H3 


f'lgtirc A-4 Hybrid Comimior Omfiaurathn H4 
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I 2 3 4BG789<0 



INNER LINER 


OUTER 

r 

Z 

rr 


LOUVEH 

DIA. 

r.iX 10^ 

HOLES 

AREA 
X 10 ^* 


LOUVER 

DIA. 

[ii X 10 ^ 

- HOLES 

AREA 
X lO ** 

1 

1.32 

85 

117 


11 

1.32 

no 

1.51 

?. 

1 32 

Bb 

1.17 


12 

1 32 

1 10 

1.51 

3 

1.32 

B5 

1.17 


13 

1.32 

no 

1.51 

4 

1.32 

85 

1.17 


14 

1.32 

no 

1.B1 

5 

1.32 

9? 

1.7G 


15 

1.93 

60 

1.75 

G 

1.32 

81 

1.11 


IG 

2.1G 

60 

2.19 

- — ■■ 

7 

1.37 

02 

1.2G 


1? 

231 

J 

60 

2.52 

3 

1.32 

122 

1.6/ 


18 

2.3C 

60 

2.63 

a 

I. so 

HO 

1.68 


10 

1.59 

no 

2.17 

10 

1.50 

85 

1.68 








AREA X 10 


PILOT BURNER PLAMEHOLDER 
PILOT BURNER PLAMEHOLDER WEEP 
MAIN BURNER OUTER SWIRLER 
MAIN BURNER INNER SWIRLER 
bulkhead COOLING 

DILUTION LOUVER 2 (B® APART ■ 3“ OFP STRUT Q.) 

PLAMEHOLDER COOLING ION INNER WALLI 
FINWALL®IINNER WALL) 

PINWALL®(OUTER WALLI 
SIDEWALL COOLING 
TURBINE COOLING (INNER WALL) 

TURBINE COOLING (OUTER WALL) 

PILOT burner NOZ2LE P/N 
MAIN BURNER NOZZLE - IVN 

MODIFICATIONS REFERENCE H4 
REDUCE PILOT BURNER PRE MIX PASSAGE AIRFLOW 
INCREASE MAIN BURNER SWIRLER AIRFLOW (REMOVE BLOCKAGE RING) 
install HOLLOW SPRAY CONE PILOT BURNER NOZZLES 
REMOVE OUTER LINER DILUTION HOLES 


75 6> 0.80 X 10“ DIAMETER 37.709 


11 LEFT HAND SWIRLERS 
11 RIGHT HAND SWIRLERS 
17.0 ®> 0.354 X 10“*m DIAMETER 
14^ 1.913 X 10“ DIAMETER 
38^ 0.254 X 10“^m DIAMETER 
1.01% Wab (BURNER AIRFLOW) 

1.33% Was (BURNER AIRFLOW) 

5.00% Wa4 (TOTAL AIRFLOW STATION 4) 
7.5% Wa4 (TOTAL AIRFLOW STATION 4) 
8.4% Wa4 (TOTAL AIRFLOW STATION 4) 
DLN 27700 1 1 10 LOCATIONS 
LOW API I LOCATIONS 


7.43Aj.q (EFFECTIVE AREA) 
62.31 ApQ (EFFECTIVE AREA) 
34.42 Aj.p (EFFECTIVE AREA) 
8.61 
40.33 
1.93 


Figure A -5 Hybrid Co tiibuslor Coi ifiguratioit ftS 



INNER LINER J 


OUTER 

LINER 


LOUVFR 

DIA. 

m X 10'^ 

HOLES 

AREA 
X lO '^ 


LOUVER 

DIA. 
m X 10'^ 

HOLES 

AREA 
n? X 10*^ 

1 

1.32 

85 

1.17 ■ 


11 

1 32 

1 10 

1.51 

? 

1.32 

85 

1.17 


12 

1.32 

1 10 

1.51 

3 

1.32 

85 

i.n 


13 

1.32 

110 

1.51 

4 

1.32 

85 

1.17 


14 

1.32 

no 

1.51 

B 

1.32 

92 

1.26 ^ 


15 

1.93 

60 

1.75 

G 

1.32 

31 

1.11 


16 

2.16 

60 

2.19 

7 

1.32 

92 

1.26 


17 

2.31 

60 

2.52 

8 

1.32 

122 

1.G7 


18 

2.36 

60 

2.63 

9 

1.59 

85 

1.G8 


19 

1.59 

no 

2.17 

10 

1.59 

85 

1.G8 

_ 






AREA * 10'‘* 


PILOT BURNER FLAMEHOLDER 
PILOT BURNER FLAMEHOLDER WEEP 
MAIN BURNER OUTER SWIRLER 
MAIN BURNER INNER SWIRLER 
BULKHEAD COOLING 

FLAMEHOLDER COOLING (ON OUTER WALL) 

FLAMEHOLDER COOLING (ON INNER WALL) 

FINWALL® (INNER WALL) 

FINWALL®(OUTER WALL) 

sidewall cooling 

turbine cooling (INNER WALL) 

TURBINE COOLING (OUTER WALL) 

PILOT BUHNER NOZZLE - P/N 
MAIN BURNER NOZZLE P/N 

MOOIFICATIONSREFERCNCE HB 
EI.IMINATE inner liner dilution COOLING 
ADD 3616 OF DILUTION AIR TO BULKHEAD COOLING 
ADD 65% OF DILUTION AIR TO OUTER LINER FLAMEHOLDER COOLING 
PRIMARY fuel INJECTORS EXTENDED ONE INCH DOWNSTREAM 
INCREASE PILOT BURNER PREMIX PASSAGE AIRFLOW 


94 @ 0.80 X 10 * DIAMETER 


22.87 

1.97 

1.92 


11 LEFT HANDSWIRLERS 
11 RIGHT HAND SWIRLERS 

172^0.4)1 X 10'^in DIAMETER 
39 e> 0.254 X 10'^ni DIAMETER 
38 64 0.254 X 10'^ ii> DIAMETER 
1.0136WAB (BURNER AIRFLOW) 

1.23% Wab (BURNER AIRFLOW) 

S.OO%Wa4 (TOTAL AIRFLOW - STATION 4) 
7.5% Wa4 (TOTAL AIRFLOW - STATION 4) 
B.4%Wa4 (TOTAL AIRFLOW - STATION 4) 
DLN 27700-11 10 LOCATIONS 
LOW AP II LOCATIONS 


47.26 Aj,p (EFFECTIVE AREA) 

7.43 A_p (EFFECTIVE AREA) 
62.31 App (EFFECTIVE AREA) 
34.42 App (EFFECTIVE AREA) 


Figure A-6 Hybrid Cotnbusior Configuration II6 
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1 INNER LINER 1 


OUTER 

LINER 


louver 

01 A. 
m X 10'^ 

HOLES 

AREA 
X 10'^ 


LOUVEH 

OIA. 

m X 10'^ 

.-. HOLES 

AREA 
X 10 ** 

1 

1.32 

85 

1.17 


11 

1.32 

110 

1.51 

2 

1.32 

80 

1.17 


12 

1.32 

110 

1.51 

3 

1.32 

80 

1.17 


13 

1.32 

110 

1.51 

4 

1.32 

80 

1.17 


14 

1.32 

110 

1.01 

5 

1.32 

92 

1.26 


15 

1.93 

60 

1.75 

5 

1.32 

81 

1.1 1 


1G 

2.16 

60 

2.19 

7 

1.32 

92 

1.2G 


17 

2.31 

60 

2.52 

8 

1.32 

122 

1.67 


18 

2.36 

60 

2.C3 

9 

1.5B 

85 

1.68 


19 

1.59 

110 

2.17 

10 

1,09 

85 

1.GS 








AREA X 10'^ 


pilot BUHNER FUAMEHOLDER 
PILOT BUHNER FLAMEHOLDER WEEP 
MAIN BURNER OUTER SWIRLER 
MAIN BURNER INNER SWIRLER 
BULKHEAD COOLING 

FLAMEHOLDER COOLING ION OUTER WALL) 
FLAMEHOLDER COOLING ION INNER WALL) 
FINWALL®|INNER WALLI 
F INWALL ® lOUTER WALL) 

SIDEWALL COOLING 

TURBINE CO! LING [INNER WALL) 

TURBINE COOLING lOUTER WALLI 
PILOT BURNER NOZZLE P/N 
MAIN BURNER NOZZLE P/N 


94 @ 0.80 X 10 DIAMETER 

47.28 


7.43 A^q (EFFECTIVE AREA) 

11 LEFT HAND SWIRLERS 

62.31 Ajjp (EFFECTIVE AREA) 

1 1 RIGHT HAND SWIRLERS 

34.42 Aj,p (EFFECTIVE AREA) 

172 @10.411 X lO'^m DIAMETER 

22.87 

39 @ 0.254 X 10'^m DIAMETER 

1.97 

38 6) 0.254 X 10 *m DIAMETER 

1.92 


1.01%Wab [BURNER AIRFLOW) 

1.23%Wab (BURNER AIRFLOW) 

5.00% Wa4 (TOTAL AIRF LOW - STATION 4) 
7.E%Wa4 (TOTAL AIRFLOW - STATION 41 
8.4% Wa4 (TOTAL AIRFLOW - STATION 41 
DLN 34ROO 10 LOCATIONS 

LOW ap 1 1 locations 


MODIFICATIONS REFERENCE H6 
INSTALL SOLID CONE PILOT BURNER FUEL NOZZLES 


Figure A-7 Hybrid Comhuslor Configuration 117 
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INNER LINER 

OUTER LINER 


LOUVER 

DIA. 

rnXIO"^ 

« HOLES 

AREA 

m^Xlo'* 

louver 

DIA. 

rnXIO'® 

# HOLES 

AREA 

tn^XIO"^ 

1 

1.79 

85 

2.11 

12 

1.79 

110 

2.73 

2 

1.79 

85 

2.11 

13 

1.79 

110 

2.73 

3 

1.79 

no 

2.73 

14 

1.79 

130 

3.23 

4 

2.08 

110 

3.75 

15 

2.08 

130 

4.43 

5 

1.93 

85 ^ 

2.48 

16 

1.61 

99 

2.02 

6 

1.32 

85 

1.17 

17 

1.61 

99 

2.02 

7 

1.32 

85 

1.17 

18 

1.32 

118 

1.62 

8 

1.32 

85 

1.17 

19 

1.32 

95 

1.30 

9 

1,32 

85 

1.17 

20 

1.32 

106 

1.45 

10 

1.32 

85 

1.17 

21 

1.79 

85 

2.11 

11 

1.32 

85 

1.17 

22 

1.32 

110 

1.50 


PILOT BURNER SWIRLER 

pilot burner SWIRLER COOLING 

MAIN BURNER SWIRLER 28 P/N L-104377 ALL RIGHT HAND 
BULKHEAD COOLING 20 e> 0,282 X 10 DIAMETER 
FINWALL®(INNER WALL) 
finwall®(outer wall) 

FINWALL®1CY LINDERS) 

SIDEWALL COOLING 

TURBINE COOLING (INNER WALLI 

TURBINE COOLING (OUTER WALL) 

PILOT NOZZLE P/N 
MAIN BURNER NOZZLE P/N 

MODIFICATIONS 

PHASE n VORBIX BASELINE - REF. P/N L-104B38 


7 LEFT HAND SWIRLERS 23.49 Aj,p (EFFECTIVE AREA) 
224 ®0.140 X 10'^m DIAM 3.43 

119,23 Aj,q (effective AREA) 
558 ® 0.102 X 10'^m DIAM 6,77 
I.OBXWaB (BURNER AIRFLOW) 

1.14% Wab (BURNER AIRFLOW) 

2.26% WaB (BURNER AIRFLOW) 

5,00% W^, (TOTAL AIRFLOW - STATION 4) 

7.6% Wa4 (TOTAL AIRFLOW - STATION 4) 

8.4% Wa4 (TOTAL AIRFLOW • STATION 4) 

DLN 27700-13 7 LOCATIONS 
DLN 27700 11 13 LOCATIONS 


Figure A -8 Vorbix Combustor Gmfiguration SU 
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II 

[f 


INNER LINER 

OUTER 

LINER 

LOUVER 

DIA. 

mXlO'^ 

a HOLES 

AREA 1 

m^XIO'^ 

LOUVER 

DIA. 

mXIO'^ 

» HOLES 

AREA 

m^XIO^ 

1 

1.79 

86 

2.11 

12 

1.79 

110 

2.73 

2 

1.79 

85 

2.11 

13 

1.79 

no 

2.73 

3 

1.79 

no 

2.73 

14 

1.79 

130 

3.23 

4 

2.08 

no 

3.75 

15 

2.08 

130 

4.43 

5 

1.93 

85 

2.48 

16 

1.61 

99 

2.02 

Q 

1.32 

85 

1.17 

17 

1 61 

99 

2.02 

7 

1.32 

85 

1.17 

18 

1.32 

118 

1.62 

8 

1.32 

as 

1.17 

19 

1.32 

95 

1.30 

9 

1.32 

85 

1.17 

20 

1.32 

106 

1.45 

10 

1.32 

85 

1.17 

21 

1.79 

85 

2.11 

11 

1.32 

85 

1.17 

22 

1.32 

110 

1.50 



PILOT BURNER SWIRUER 
pilot burner 5WIRLER COOLING 

MAIN burner SWIRLER 28 ALTERNATING SWIRL DIRECTION - 

P/N L- 1043 77 

BULKHEAD COOLING 20 @0.282 X lO'^m DIAMETER 


7 LEFT HAND SWIRLERS 

23.49 Agp (EFFECTIVE AREA) 

224 9 0.140 X lO'^m 

3.43 

diameter 

1 19.23 App (EFFECTIVE AREA) 

668 @0.102 X 10‘^m 

5.79 

DIAMETER 

2.63 


FINWALL®IINNEH WALL) 
FINWALL®(0UTER WALL) 
FINWALL®ICYLINDERS) 
SIDEWALL COOLING 
TURBINE COOLING (INNER WALL) 
TURBINE COOLING (OUTER WALL) 
pilot BURNER NOZZLE P/N 
MAIN BURNER NOZZLE P/N 


1.06%WaB (BURNER AIRFLOW) 

1.14%Wab (burner AIRFLOW) 

2.26% Wab (burner AIRFLOW) 

B.OO WA4 (TOTAL AIRFLOW - STATION 4) 
7.6% Wa4 (TOTAL AIR F LOW STATION 4) 
8.4% Wa4 (TOT a L A I R F LOW - ST ATION 4) 
DLN 27700 13 7 LOCATIONS 
DLN 277001 1 1 3 LOCATIONS 
MODIFICATIONS REFERENCE Ij 


INSTALL ALTERNATE ROTATING MAIN BURNER SWIRLERS 
install MAIN BURNER NOZZLE COOLING 


Figure A • 9 Vorbix Qunbustor Qm figuration SI 2 
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COOLING HOLE PATTERN 


LOUVER 

1 

7 

3 

4 

5 

6 

7 

8 

9 

10 
II 


LINER 

OUTER LINER 

= HOLES 

AREA 
? -4 

LOUVER 

DIA. 

mXIO'^ 

WHOLES 

AREA 

m^XIO^ 

85 

2-11 

12 

1.79 

110 

2.73 

85 

2.11 

13 

1.79 

110 

2.73 

110 

2.73 

14 

1.79 

130 

3.23 

no 

3.75 

IQ 

2.08 

130 

4.43 

85 

2.48 

16 

1.61 

99 

2.02 

85 

1.17 

17 

1.61 

99 

2.02 

85 

1.17 

18 

1.32 

118 

1.62 

85 

11/ 

19 

1.32 

95 

1,30 

85 

1.17 

20 

1.32 

106 

1.45 

85 

1.17 

21 

1.79 

85 

2.11 

85 

1.17 

22 

1.32 

110 

1.50 


PI LOT BUHNER SWIRLER 7 LEFT HAND SINIRLEHS 

PILOT BURNER SWIRLER COOLING 224 ® 0.140 X lO’^m DIAMETER 

MAIN BURNER SWIRLER 28 ALTERNATING SWIRL D'RECT'ON - 558 ^ 5 ,52 ^ lO'^m DIAMETER 
bulkhead COOLING 20 9 0.282X 10 m DIAMETER 52 @ 0 254 X lO'^m DIAMETER 


MAIN BURNER NOZZLE COOLING AIR 
FlNWALL®(INNEfl WALL) 
FINWALL®(OUTER WALL) 
FINWALL®(CY LINDERS) 

SIDEWALL COOLING 
TURBINE COOLING ( INNER WALL) 
TURBINE COOLING (OUTER WALL) 
PILOT BURNER NOZZLE PIN 
MAIN BURNER NOZZLE P/N 

run 7 MAIN BURNER FUEL INJECTOR/ 
NOZZLES AS SHOWN \ 

PILOT INJECTOR 


1.06% Wab lOUHNER AIRFLOW) 

1.14%Wab <8UBNEH AIRFLOW) 

2.26% Wab (BURNER AIRFLOW) 

690% Wa4 (TOTAL AIRFLOW STATION 4) 
7.5%Wa 4 (TOTAl AIRFLOW - STATION 4) 
8.4% WA4 (TOTAL AIRFLOW - STATION 4) 
OLN 27700-13 7 LOCATIONS 
DLN 27700-11 7 LOCATIONS 
MODIFICATIONS REFERENCE S12 


AREAm^Xltf^ 


23.49 Aj.[j (EFFECTIVE AREA) 
3.43 

119.23 Acd (EFFECTIVE AREA) 
■ 5.77 
2.63 


' 0^0 

)R ►( P ) 

© I © 

MAIN INJECTOR 


0^0 
0 I G 

MAIN INJECTOR 


1 PILOT 
INJECTOR 


/'igurc A- 10 Vorhix Combustor Couj'iguraiion SI 3 
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COOLING HOLE PATTERN 



[ INNER LINER 

OUTER 

LINER 


louver 

DIA. 

inXIO’^ 

:= HOLES 

AHEA 

m^XlO’^ 

louver 

DIA. 

tnXlO’^ 

a HOLES 

AREA 
o .4 

m^XIO 

\ 

1.79 

aB 

2.11 

12 

1.79 

110 

2.73 


1.79 

85 

2.11 

13 

1.79 

110 

2.73 

mm 

1.79 

no 

2.73 

14 

1.79 

130 

3.23 


2-OB ^ 

110 

3.75 

15 

2.08 

130 

4.43 

b 

1.93 

85 

2.48 

'6 . 

1.61 

99 ~ 

2.02 

6 

1.32 

8B 

1.17 


1.61 

99 

2.02 

7 

1.32 

85 

1.17 

18 

1.32 

118 

1.62 

8 

1.32 

85 

1.17 

19 

1.32 

95 

1.30 

9 

1.32 

85 

1.17 

20 

1.32 

106 

1.46 

10 

1.32 

85 

1.17 

21 

1.79 

85 

2.11 

11 

1.32 

85 

1.17 

22 

1.32 

110 

1.50 


AREA m^X lO"^ 


PILOT BURNER SWIRLER 

PILOT BURNER SWIRLER COOLING 

MAIN BURNER SWIRLER 28 ALTERNATING SWIRL 


7 LEFT HAND SWIRLERS 
224 @0.140 X 10‘^rr DIA 


23.49 A^q (EFFECTIVE AREA) 


bulkhead COOLING 20 @ 0.282 X 10' m DIA 
MAIN BURNER NOZZLE COOLING AIR 
FINWALL®1INNER WALL) 
FINWALL®IOUTER WALL! 
FINWALL®(CYLINDERSI 
sidewall COOLING 
TURBINE COOLING ( INNER WALD 
TURBINE COOLING (OUTER WALL) 

PILOT BURNER NOZZLE P/N 
main BUHNER NOZZLE P/N 


568 @0.102 X lO'^m DIA 

,- 2 _ 


3.43 

1 19.23 Aj,q (EFFECTIVE AREA) 
5.79 

52 @ 0.254 X 10‘''m DIA 2'63 

1.0B% Wab (BURNER AIRFLOW) 

1.14% Wab (BURNER AIRFLOW) 

2.26%WaB (burner AIRFLOW) 

5.00% Wa4 (TOTAL AIRFLOW STATION 41 
7.5%Wa4 (TOTAL AIRFLOW - STATION 41 
B.4%WA4 (TOTAL AIRFLOW STATION 41 

DLN 27700-13 7 LOCATIONS 
DUN 27700-13 7 LOCATIONS 

MODIFICATIONS REFERENCE 513 


7 SECONDARY FUEL INJECTORS 
WI/\/aP“ 0.994B 9 m^/N» 


0 

©YO 

A4AIA.I k iLi ie/'-rr\D 


pIlOT INJECTOR" P ) 



Figure A-} I Vorhix 0>mbustor Q)ufiguratlon S} 4 
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iNfNER UNtR 

OUTER LINER 

LOUVER 

DIA. 

.-: HOLES 

AREA 

m^Xlo'* 

LOUVER 

DIA. 

mXIO'^ 

It HOLES 

AREA 

m^XIO^ 

1 

1.79 

86 

2.11 

12 

1.79 

110 

2.73 

2 

1.79 

85 

2.11 

13 

1.79 

110 

2.73 

3 

1.79 

no 

2.73 

14 

1.79 

130 

3.23 

4 

208 

110 

3.75 

1G 

2.08 

130 

4.43 

5 

1.03 

85 

2.48 

16 

1.61 

99 

2.02 

6 

1.32 

85 

1.17 

17 

1 .G 1 

99 

2.02 

7 

1.32 

85 

1.17 

1& 

1.32 

118 

1.62 

8 

1.32 

85 

1.17 

19 

1.32 

95 

1.30 

9 

1.32 

85 

1.17 

20 

1.32 

106 

1.46 

10 

1.32 

6B 

1.17 

21 

1.79 

85 

2.11 

11 

1 32 

85 

1.17 

22 

1.32 

110 

1.50 


PILOT BURNER SWIHLER 

PILOT BURNER SWIRLER COOLING 

MAIN BURNER SWIRLER 28 ALTERNATING SWIRL DIRECTION - 

„ -2 P/N L-1 04377 

bulkhead COOLING 30 @ 0.282 X 10 ‘ m 

MAIN BURNER NOZZLE COOLING AIR 
FINWALL®(INNER WALL! 

PINWALL®(OUTER WALLI 
PINWALL®(CY LINDERS) 

SIDEWALL COOLING 

TURBINE COOLING I INNER WALL) 

TURBINE COOLING (OUTER WALL) 

PILOT BURNER NOZZLE P/N 
MAIN BUHNER NOZZLE P/N 


7 LETT HAND SWIRLERS 
224 S> 0.1 40 X 10'® m 


224(?0,140X 10'^m DIAMETER 
558 ® 0,102 X 10'^m DIAMETER 
62 © 0.254 X 10‘^m DIAMETER 


568 ©0.102 X 10'^ m 23 49 A 

52 © DIAMETER 0.254 x lo 'm ® 

3.43 

1.0G% Wab (BURNER AIRFLOW) 1J9,23 A„„ 
1.14%Wab (OURNER AIRFLOW) 5,77 
2 2C%Wab (B'JHNEn AIRFLOW) 2.63 
5.00% Wa 4 (TOTAL AIRF LOW STATION 4) 
7.6% Wa 4 (TOTAL AIRFLOW STATION 4) 
8.4% WA4 (TOTAL AIRFLOW STATION4) 
OLN 3/700-13 7 LOCATIONS 
DLN 27700-13 13 LOCATIONS 


(EFFECTIVE AREA) 
(EFFECTIVE AREA) 


MODIFICATIONS REFERENCE S14 


RUN 13 SECONDARY FUEL INJECTORS 


Figure A-12 Vorhix Combustor Configuration SIS 


OUiaiNAL PAG 10 IS 
OF POOR QUALJTY 
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3 


4 


7 


9 10 11 


INNER AND OUTER LINER 
_ DILUTION HOLES ^ 

IN LINE WITH 


PILOT INJECTORS 


14 15 16 17 18 19 


COOLINU HOLE PATTERN 


INNER LINER 


LOUVER 

DtA. 

mXIO^ 

:: HOLES 

1 

1.79 

86 

7 

1.79 

8B 

3 

1.79 

110 

4 

2.08 

110 

6 

1.93 

86 

6 

1.32 


7 

1.32 

85 

8 

1.32 

85 

9 

1 32 

es 

\0 

1 32 

86 

11 

1.32 

85 




LOUVER 

12 

13 

14 

10 

16 

17 

18 
19 
30 

L 

r 22 


PILOT BURNER SWIRLER 7 LEFT H7 

PILOT BURNER SWIRLER COOLING 224 @0.14 

MAIN BURNER SWIRLER 28 ALTERNATING SWIRL DIRECTION - 
BULKHEAD COOLING 20 @0.282 X lO'^m DIAM 668 @0.10 

MAIN BURNER NOZZLE COOLING AIR 52 @ O.IOC 

FINWALL®(INNEH WALLI 1.06% Wai 

FINWALL®(0UTER WALLI 1,14% Wai 

FINWALL®ICYLINDEHSl 2.26% Wa I 

SIDEWALL COOLING 5.00% Wa. 

turbine cooling I INNER WALL! 7.5% Wa4 

TURBINE COOLING (OUTER WALLI 8.4% WA4 

primary nozzle P/N OLN 2770 

MAIN BURNER NOZZLE P/N OLN 2770 

MAIN BURNER DILUTION (INNER WALL) 7 @ 1.664 

MAIN BURNER DILUTION (OUTER WALLI 7 @ 1.664 

MODIFICATIONS REFERENCE S15 
INSTALL ALL RIGHT HAND MAIN BUHNER SWIRLERS 
REDUCE PILOT BURNER SWIRLER AIRFLOW WITH BLOCKAGE RING 
ADD INNER AND OUTER LINER DILUTION AIR (ROWS 7 AND 181 


OUTER LINER 
lA. 

XIO'^ « HOLES 
1.79 ~ 110 

1.79 110 

1.79 130 

2.08 130 

1.61 99 

1.61 99 

1.32 118 

1.32 95 

1.32 106 

1.79 86 

132 110 


7 LEFT HAND SWIRLERS 


m^XIO"^ 


224 @ 0.140 X lO'^m D1AM 

r-r-t. u 4/l'2_ tM A AJ 


668 @ 0.102 X lO'^m DIAM 2.63 
52 @ 0.100 DIAMETER 0.408 

1.06% Wab (BURNER AIRFLOWI 
1,14%Wab (BURNER AIRFLOWI 
2.26% Wab (BURNER AIRFLOW! 

5.00% Wa4 ITOTAL airflow ■ STATION 4) 
7.5%Wa4 (TOTAL AIRF LOW ■ ST ATtON 41 
8.4% WA4 ITOTAL AIRFLOW -- STATION 4) 
OLN 27700 13, 7 LOCATIONS 
DLN 27700 11, 13 LOCATIONS 
7 @ 1.664 X 10'^m DIAMETER 
7 @ 1 .664 X 10'^ni DIAMETER 


22 1 AREAm^XIO 


3.29 Aj,p (EFFECTIVE AREA) 
1 19.23 A(,q (EFFECTIVE AREA! 
6.77 
2.63 
0.408 


Figure A-I3 Vorbix Qmbustor Configuration SI 6 
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INNE :n LINbK 

OUTER LINER 


LOUVER 

DIA. 

mxio'^ 

:= HOLES 

AREA 

m^XIO^ 

LOUVER 

DIA. 

mXIO'^ 

WHOLES 

AREA 

m^XlO^ 

1 

i.;9 

85 

2.11 

12 

1.79 

110 

2.73 

2 

1.79 

85 

2.11 

13 

1.79 

110 

2.73 

3 

1.79 

110 

2.73 

14 

1.79 

130 

3.33 

4 

2.08 

no 

3.75 

15 

2.08 

130 

4.43 

B 

I.D3 

8B 

2.48 

16 

1.61 

99 

2.02 

6 

1.32 ~ 

85 

1.17 

17 

1.61 

99 

2.02 

7 

t.32 

85 

1.17 

18 

1.32 

118 

1.62 

8 

1.32 

85 

1.1/ 

19 

1.32 

95 

1.30 

9 

1.33 

85 

1.17 

30 

1.32 

106 

1.45 

10 

1.32 

85 

1.17 

21 

1.79 

85 

2.11 

n 

1.32 

85 

117 

22 

1.32 

110 

1.50 


PILOT BUnNEH SWIRLER 
PILOT BURNER SWIMLER COOLING 

MAIN BURNER SWIRLl H 28 ALTERNATING SWIRL DIRECTION - 

-2 PIN L I 04377 

BULKHEAD COOLING 20 @ 0.282 X to •'mOIAM 

MAIN BURNER NOZZLE COOLING AIR 
FINWALL®IINNER WALLI 
FINWALL®(OUTER WALL) 

FINWALL®(CYLINUERSI 

SIDEWALL COOLING 

TURBINE COOLING I INNER WALL] 

TURBINE COOLING (OUTER WALLI 


7 LF.FT HAND 5W1RLERS 
224 @ 0. 1 40 X 1 0'^m Dl AM 

3.29 Aj,p 1 
3.43 

558 @0.102 X lO'^mOIAM 

1 19.23 App 

5.79 

52® 0.254 X 10'^tnDIAM 

2.63 


(EFFECTIVE AREA) 


l.0(>% Wab (BURNER AIRFLOW) 
l.t4%WAB (BUHNER AIRFLOW) 

2.2(}% Wao laURNER AIRFLOW) 

5.00% Wa4 (TOTAL AIRFLOW STATION 41 
7.5% Wa4 (TOTAL AIRF LOW - STATION 4) 
8.4% WA4 (TOTAL AIRFLOW STATION 4) 


PI LOT BURNER NOZZLE P/N 
MAIN BUHNER NOZZLE P/N 
MAIN BURNER DILUTION (INNER WALL) 

MAIN BURNER DILUTION (OUTER WALL) 

MODIFICATIONS REFERENCE S16 
INSTALL LOW AP AERATING PILOT FUEL INJECTORS 


EX 10970 7 LOCATIONS 
DLN 27700-11 13 LOCATIONS 


7 ® 1.664 X lo'^m DIAMETER 
7 m 1.604 X 10 DIAMETER 


15.32 

'15.22 


Figure A-J4 Vorhix Omibustor Configuration SI 7 
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BO 10 n 17 11» 


INNtn ANO OUTHR LINF.R^^ 
- DlUITtON HOl.ES ^ 

IN LINE WITH 

pilot INJECTORS 



147 C40.27C X 10'^in DIAMETER B.90 

S2 ® 0.254 X lO'^m DIAMETER 2.63 

7 ® 1.631 X 10’^m DIAMETER 14,62 

7 ® 1.631 X 10'^in DIAMETER 14.62 

28 RIGHT HAND SWIRLERS "9-2: 

S%WA4 (TOTAL AIRFLOW - STATION 4) 

7.5% W>^4 (TOTAL AIRFLOW - STATION 4) 
0.4%Wa4 (TOTAL AIRFLOW - STATION 4) 

EX 10970 7 LOCATIONS 3.61 i 

DLN 27700 - 1 1 13 LOCATIONS 
7 ® 1.604 X 10‘^m DIAMETER 16.22 

7 ® 1,004 X lO'^tn diameter 15.22 


area m~ X 10 • 

10.84 Aj.p (EFFECTIVE AREA! 

5.90 

2.63 

14.02 


119.23 Aj.[j (EFFECTIVE AREA) 


3.61 Aj.^ (effective AREA) 


MODI F 1 CATIONS REFERENCES 17 


Figure A-IS Vorhix Combustor Configuration SIS 
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1 


) 



COOLING HOLE PATTERN 


INNER liner 

OUTER LINER 

LOUVER 

DIA. 

mXlO'^ 

#HOLES 

AREA 

LOUVER 

DIA 

m XIO'^ 

#HOLES 

AR£A 

m^XIO^ 

1 

5.63 

64 

1.74 

14 

2.34 

84 

3.61 

2 

1.63 

B4 

1.74 

16 

1 63 

84 

1.74 

3 

1.63 

84 

1.74 

16 

1.63 

84 

1.74 

4 

1.6? 

84 

1.74 

17 

1.63 

84 

1.74 

5 

1.96 

84 

2.52 

18 

1.80 

84 

2.15 

6 

2.27 

B4 

3.45 

19 

2.08 

130 

4.43 

7 

1.93 

BE 

2.49 

20 

1.63 

99 

2.05 

s 

1.32 

85 

1.17 

21 

1.63 

99 

2.05 

9 

1.32 

BS 

;.i7 

22 

1.32 

118 

1.62 

10 

1.32 

S5 

M ; 

23 

1.32 

95 

1.30 

11 

1.32 

BS 

1.17 

24 

1.32 

106 

1.45 

12 

1.32 

85 

1.17 

25 

1.79 

85 

2.11 

13 

1.32 

85 

1.17 

26 

1.32 

110 

1.51 


AREA X 10’^ 


1 


PILOT BURNER SWIRLER 
BULKHEAD COOLING 
MAIN BURNER NOZZLE COOLING 
PILOT BURNER DILUTION i!NNER WALL) 

PILOT BURNER DILUTION (OUTER WALL) 
main BURNER SWIRLERS 
SIDEWALL COOLING 
TURBINE COOLING (INNER WALL) 

TURBINE COOLING (OUTER WALL) 

PILOT BURNER NOZZLE 
MAIN BURNER NOZZLE 
MAIN BURNER DILUTION (INNER WALL) 

MAIN BURNER DILUTION (OUTER WALL) 

MODIFICATIONS REFERENCE 


7 LEFT HAND SWIRLERS 

10.84 A, 

14/&>0.2i,3 X lO^m DIAMETER 

B.90 

52 9 0.264 X lO'^m DIAMETER 

2.63 

7 9 1.631 X 10‘^nn DIAMETER 

14.02 

7 9 1.6J1 X lO'^rnDLAMEFER 

14.62 

28 RIGHT HAND SWIRLERS 

119.23 A, 


CD 


(EFFECTIVE AREA) 


5% WA4 (TOTAL A(RFLOW - STATION 4) 
7.5% Wa 4 (TOTAL airflow - STATION 4) 
8.4% Wa 4 (TOTAL AIRFLOW - STATION 4) 
OLN 27700-11. 7 LOCATIONS 
OLN 27700 11, 13 LOCATIONS 


7 @ 1.084 X 10 
SIS 


DIAMETER 


15.22 

1B.22 


USED PRESSURE ATOMIZING PILOT BURNER NOZZLE 



f'igure A~/6 VorhLx Combustor Configuration S19 


m 


VUUVi 


U''"' 


,V'-' 
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A 


r 



12 3 ' 

B I 

7 

I Q 10 1 

1 ; 

13 

II 

inner AND OUTER 
liner DILUTION 





p 

HOLES IN LINE 

inner and outer liner 




WITH injectors 


dilution holes 

IN line WITH 

pilot INJECTORS 



cooling HOLE PATTERN 


1 INNER liner 

OUTER 

LINER 


LOUVER 

DIA. 

mXlO'^ 

#koles 

AREA 

m^XIO'^ 

louver 

DIA. 
m XIO'^ 

#HOLES 

AREA 

m^XlO"^ 

1 

1.63 

84 

1.74 

14 

2.34 

84 

3.61 

2 

1.63 

B4 

1.74 

15 

1.63 

84 

1.74 

3 

1.63 

84 

1.74 

16 

1.63 

84 

1.74 

4 

1.63 

84 

1.74 

17 

1.63 

84 

1.74 

6 

1.96 

84 

2.52 

18 

1.60 

84 

2.16 

6 

2.27 

84 

3.45 

19 

2.08 

130 

4.43 

7 

1.93 

85 

2.49 

20 

1.63 

99 

2.05 

6 

1.32 

85 

1.17 

21 

1.63 

99 

2.05 

9 

1.32 

85 

1.17 

22 

1.32 

118 

1,62 

10 

1.32 

85 

1.17 

23 

1.32 

BS 

1.30 

11 

1.32 

85 

1.17 

24 

1.32 

106 

1.45 

12 

1.32 

85 

1.17 

25 

1.79 

65 

2.11 

13 

1.32 

85 

1.17 

2C 

1.32 

110 

1.51 


pilot BUHNER SWIRLER 

BULKHEAD COOLING 

MAIN BUHNER NOZZLE COOLING 

PILOT BUHNER 01 LUTION (INNER WALLi 

PILOT BURNER DILUTION (OUTER WALLI 

MAIN BURNER SWIRLERS 

SIDEWALL COOLING 

TURBINE cool ING (INNER WALLI 

TURBINE COOLING (OUTER WALLI 

PILOT BURNER NOZZLE 

MAIN BURNER NOZZLE 

MAIN BUHNER Dl LUTION (INNER WALLI 

MAIN BUHNER DILUTION (OUTER WALLI 


7 LEFT HAND SWIRLERS 

24.39 Aj,p (EFFECTIVE AREA) 

147 ® 0.226 X 10 DIAMETER 

5.90 

52 0.264 :< 10'^m DIAMETER 

2.63 

7 ^ 1.631 X 10'^m DIAMETER 

14.62 

7 ® 1.631 X 10'^m DIAMETER 

14.62 

28 RIGHT HAND SWIRLERS 

101.16 Agy (EFFECTIVE AREAl 


5% WA4 (TOTAL AIRE LOW STATION 41 
7.5% Waa (TOTAL AIRFLOW - STATION 41 
8.4%Wa4 (TOTAL AIRFLOW - STATION 4) 

DLN 27700-11, 7 LOCATIONS 

DLN 27700 11, 13 LOCATIONS 

TP 1.664 X lO'^m DIAMETER '6-22 

7 1.6B4X 10 DIAMETER 16 22 


MODIFICATIONS REFERENCE S 19 


INCREASE PILOT BURNER SWIRLER AIR FLOW 
decrease MAIN BURNER SWIRLER AIR FLOW 


/■"ilfttre A- 1 7 Vorhiv Conibiislor Configuration S20 
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t 7 3 4 6 6 7 8 9 10 11 12 13 



COOLING HOLE PATTERN 


INNER LINER 

OUTER LINER 

LOUVER 

DIA. 

mXIO'^ 

#HOLES 

AREA 

m^XIO*' 

LOUVER 

DIA. 
m XIO'^ 

#HOLES 

AREA 

m^XlO'^ 

1 

i.63 

84 

1.74 

14 

2.34 

84 

3.61 

2 

1.63 

84 

1.74 

15 

1.63 

84 

1.74 

3 

1.63 

B4 

1.74 

16 

1 63 

84 

1.74 

4 

1.63 

84 

1.74 

17 

1.63 

84 

1.74 

6 

1.96 

84 

2.52 

18 

1.80 

84 

2.1b 

6 

2.27 

B4 

3.45 

19 

2.08 

130 

4.43 

7 

1.93 

85 

2.49 

20 

1.63 

99 

2.05 

8 

1.32 

36 

1.17 

21 

1.63 

99 

2.0S 

9 

1.32 

85 

1.17 

22 

1.32 

118 

1.62 

10 

1.32 

85 

1.17 

23 

1.32 

96 

1.30 

11 

1.32 

85 

1.17 

24 

1.32 

106 

1.45 

12 

1.32 

85 

1.17 

26 

1.79 

85 

2.11 

13 

1.32 

85 

1.17 

26 

1.32 

110 

1.51 


pilot burner SWIRLER 
BULKHEAD COOLING 
MAIN BURNER NOZZLE COOLING 
PILOT BURNER DILUTION (INNER MALLI 
PILOT BUHNER DILUTION (OUTER WALL) 

MAIN BURNER SWIRLERS 

sidewall COOLING 

TURBINE COOLING (INNER WALL) 

TURBINE COOLING (OUTER WALL) 

PILOT BURNER NOZZLE 
MAIN BURNER NOZZLE 
MAIN BURNER DILUTION (INNER WALL) 

MAIN BURNER DILUTION (OUTER WALL) 

MODIFICATIONS REF 


7 DUAL CO-ROT ATING L H SWIRLERS 
147 @0.226 X 10'^m DIAMETER 
52 81 0.254 X lO'^m DIAMETER 
7 @ 1.631 X 10'^m DIAMETER 
7 @ 1.63 X tO'^m DIAMETER 
28 RIGHT HAND SWIRLERS 
6^WA4 (TOTAL airflow - STATION 4) 
7.5% Wa4 (TOT AL a I H F LOW - ST ATION 4 
8.4% Wa 4 (TOTAL AIRFLOW STATION 4 
DLN 27700-11, 7 LOCATIONS 
DLN 27700-1 1.13 LOCATIONS 
7 8> 1.664 X lO'^m DIAMETER 
7 @ 1.664 X 10'^m DIAMETER 
FICATI0NSREF.S20 


29.81 Aj,p (EFFECTIVE AREA! 
6.90 
2.63 
14.62 
14.62 

94.21 Aj,q (EFFECTIVE AREA) 
1 1.52 Aj,p (EFFECTIVE AREA) 
16.91 App (EFFECTIVE AREA) 
15.04 App (EFFECTIVE AREA) 


2.359 

2.359 


INCREASE PILOT BURNER SWIRLER AIR FLOW THROUGH THE USE OF LARGER SWIRLER 

INCREASE BLOCKAGE RINGS (TO 0.348 X 10'^m INCH WIDTH) ON OUTER LINER MAIN BURNER SWIRLERS 
ADDED CARBURETOR TUBES TO MAIN BURNER FUEL SYSTEM 
ADDED TOROIDAL DEFLECTOR TO PILOT BURNER SWIRLER 


{•igure A-I8 Vorbix Combustor Configuration S2I 
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7 



COOLING HOLE PATTERN 



INNER LINER 


OUTER LINER 

LOUVER 

DIA. 

mXlO^ 

#HOLES 

AREA 

m^XIO'^ 


LOUVER 

DIA. 
m XIO'^ 

#HOLES 

AREA 

m^XlO"^ 

1 

1.63 

84 

1.74 


14 

2.34 

84 

3.Q1 

2 

1-63 

84 

1.74 


15 

1.63 

84 

1.74 

3 

1.63 

84 

1.74 


16 

1-63 

84 

1.74 

4 

1.63 

84 

1.74 


17 

1.63 

64 

1.74 

5 

1 96 

84 

2.52 


18 

1.80 

84 

2.1b 

6 

2-27 

84 

3,45 


19 

2.08 

130 

4.43 

7 

1.93 

86 

2.49 


20 

1.63 

99 

205 

8 

1.32 

85 

1.17 


21 

1.63 

99 

2.05 

9 

1.32 

86 

1.17 


22 

1.32 

118 

1.€2 

10 

1 32 

85 

1.17 


23 

1.32 

96 

1.30 

n 

1.32 

85 

1.17 


24 

1.32 

106 

1,45 

12 

1.32 

85 

1.17 


25 

1.79 

85 

2.1 1 

13 

1.32 

85 

1.17 


26 

1 32 

no 

1.61 


PILOT BURNER SWIRLER (INCLUDING SLOTS IN 
CENTER TUBE OF SWIRLER) 

BULKHEAD COOLING 

MAIN BURNER NOZZLE COOLING 

PILOT BURNER DILUTION (INNER WALL ROW 1) 

PILOT BURNER DILUTION (OUTER WALL HOW 141 

MAIN BURNER SWIRLERS 

SIDEWALL COOLING 

TURBINE COOLING (INNER WALL) 

TURBINE COOLING (OUTER WALL) 

PILOT BURNER NOZZLE 
MAIN BURNER NOZZLE 
MAIN BURNER DILUTION OUTER WALI 
MAIN BURNER DILUTION INNER WALL 


AREA X 10'^ 

7 LEFTHAND SWIRLERS 27.46 A^.^ (EFFECTIVE AREA) 


I40@ 0.234 X 10'^m DIAMETER 6.09 
62 9 0.2B4 X lO'^m DIAMETER 2.63 

7 ® 1.63 X lO'^m DIAMETER 14.62 

7 @> 1.63 X 10 DIAMETER 14.62 

28 RIGHT HAND SWIRLERS 


6% W^^ (TOTAL AIRFLOW ■ STATION 4) 
7.B16 Wa4 (TOTAL AIRFLOW - STATION 4) 
8.4%W/^4 C'OTAL AIRFLOW - STATION 4) 
DLN 27700-13, 7 LOCATIONS 
DLN 27700 11, 13 LOCATIONS 


15.22 

16.22 


MODIFICATIONS REFERENCE S21 

INSTALL HOOD 

INSTALL NEW SWIRLER TORROIDAL DEFLECTOR WITH 3,3 X 10'?m DIAMETER HOLE. 

ADO OUTER liner SCOOP 

REVISE BULKHEAD WITH COOLING AIR ENTERING THROUGH RING CONCENTRIC WITH SWIRLER. 
ADD TEMPERATURE-SENSITIVE PAINT ON LINER (INSIDE AND OUT) 

REMOVE PREMIXING TUBE FROM MAIN BURNER. 
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Figure A-19 Forbix Combustor Ginfiguration S22 
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AREAm^X 10'^ 


PILOT BURNER SWIRL6R fINCLUOING SLOTS 
IN CENTER TUBE OP SWIRLERl 
BULKHEAD COOLING 
MAIN BURNER NOZZLE COOLING 
PILOT BURNER DILUTION (INNER WALL HOW 1) 
PILOT BURNER DILUTION (OUTER WALL ROW 14) 
MAIN BURNER SWIRLERS 
SIDEWALL COOLING 
turbine COOLING (INNER WALL) 

TURBINE COOLING (OUTER WALL) 

PILOT BURNER NOZZLE 
MAIN BURNER NOZZLE 
MAIN BURNER DILUTION OU TER WALL 
MAIN BURNER DILUTION OUTER WALL 


I LEFTHAND SWIRLERS 


27.46 Aco (EFFECTIVE AREA) 


140@ 0.234 X 10 m DIAMETER 


52 ® 0.254 X 10'^m OIAMETER 
7® 1.63 X 10‘^m DIAMETER 
7 ® 1.63 X lO’^m DIAMETER 
28 RIGHTHAND SWIRLERS 
6 %Wa4 (TOTAL AIRFLOW -station 4) 
7.5% Wa4 (total airflow - STATION 4) 
8.4% Wa4 (TOTAL AIRFLOW - STATION 4) 
DLN 27700-13, 7 LOCATIONS 
OLN 27700 11, 13 LOCATIONS 
louver 22 15.22 

LOUVER 21 25.74 


6.09 

2.63 

14.62 

14.62 

81.48 AcD (effective AREA) 


MODIFICATIONS REFERENCE S22 

ADD 0.467 X 10'^m WIDE BLOCKAGE RING TO INNER LINER MAIN BURNER SWIRLER. 

REMOVE INNER LINER MAIN BURNER DILUTION HOLES. 

ADO A HOW OF DILUTION HOLES (1.765 X lO'^m DIAMETER) BEHIND EACH MAIN BURNER FUEL NOZZLE (13) IN LOUVER NUMBER 22. 
ADD A DILUTION HOLE (1.637 X 10'^m OIAMETER) BETWEEN EACH EXISTING HOLE IN LOUVER 23 AND CAPPED IT. 

EXTENDED INNER LOUVER SCOOP (6.868 X 10'*m DIAMETER) AND OUTER LOUVER SCOOP (2.794 X 10‘^m OIAMETER) UPSTREAM. 
TRIP RAMP ADDED TO OUTER LOUVER. 


Figure A-20 Vorbix Combustor Configuration S2.1 
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PILOT BURNER SWIRLEH (INCLUDING SLOTS 
IN OUTER TUBE OF SWIRLERl 
BULKHEAD COOLING 

main burner nozzle cooling 

PILOT BUHNER DILUTION (INNER WALL ROW 1l 
PILOT BUHNER DILUTION (OUTER WALL HOW 14) 
MAIN BURNER SWIRLERS 
SIDEWALL COOLING 
TURBINE COOLING (INNER WALL) 

TURBINE COOLING (OUTER WALL) 

pilot burner nozzle 
main burner nozzle 
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DLN 27700-13, 7 LOCATIONS 
DLN 27700-11, 13 LOCATIONS 
LOUVER 22 11.877 

LOUVER 21 15.961 


MODIFICATION RF.FERENCE S23 

CAP EACH DILUTION HOLE IN LOUVER 22 BEHIND EACH PILOT BURNER NOZZLE AND OPEN ONE 1.588 X lO'^m DIAMETER 
BEHIND EACH MAIN BURNER NOZZLE. 


Figure A-2I Vorbix Ouiibustor Configuration S24 
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AREA X 10 


PILOT burner SWIRLER 

BULKHEAD COOLING 

MAIN BURNER NOZZLE COOLING 

PILOT BURNER DILUTION (INNER WALL ROW 11 

PILOT BURNER DILUTION (OUTER WALL ROW 141 

MAIN BURNER SWIRLERS 

SIDEWALL COOLING 

TURBINE COOLING (INNER WALLl 
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LEFT HAND SWIRLERS 
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3LN 27700-11 7 LOCATIONS 
DLN 27700 11, 13 LOCATIONS 
LOUVER 22 7.36 

louver 21 15.96 

LOUVER 20 2.46 
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6.09 
2.63 
14.62 
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MODIFICATIONS REFERENCE S24 

REDUCE PILOT BURNER SWIRLER AIRFLOW BY 20% (BLOCKAGE RING WIDTH 0.127 X lO'^ml 
increased outer liner pilot burner dilution TO MAINTAIN PILOT BURNER EQUIVALENCE RATIO 
REDUCE INNER LINER MAIN BURNER SWIRLER EFFECTIVE AREA BY ONE THIRD. 

ADD ONE 1.688 X 10'^m DIAMETER HOLE IN LOUVER 20 BEHIND EACH STRUT (21. 


Figure A-22 Vorbix Combustor Configuration S25 
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TEST RESULTS FOR HYBRID COMBUSTOR 
CONFIGURATION H6 
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APPENDIX C 

FUEL CONTROL DESIGN STUDY 
A. TECHNICAL DISCUSSION 

1 . FUEL CONTROL DESIGN MODIFIED FROM PRODUCTION CONTROL 
a. Identification of Candidate Schemes 

Utilization of the existing engine control (including fi’.e) control), insofar as possible, will 
minimize development cost and impact on the engine installation. This approach confines 
cliunges to the addition of a new flow distribution control system to distribute fuel to the 
pilot and main zone manifolds. The flow distribution control system will replace the existing 
pressurization and dump (P&D) valve, which now performs the fuel staging function based 
on total fuel flow. Tlie system is shown schematically in Figure 43. By leaving tne engine 
control intact, the engine fuel flow vs. thrust charactenstic, and the assorted trims and biases, 
remain unchanged. All other engine control functions such as bleed operation and high-pres- 
sure compressor vane angle scheduling continue to be accomplished by the production con- 
trol. 
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Caiulidatc schemes were proposed to provide fuel distribution and staging between the pilot 
and main zones based on combustor fuel-air ratio, and to fill the main zone manifold prior to 
staging. Fuel pump modifications were also evaluated since some schemes for meeting the 
main zone manifold filling requirements and fuel distribution required additional fuel pump- 
ing capability. The candidate schemes were defined by a matrix containing various approach- 
es for fuel distribution, main-zone manifold filling and fuel pumping. This matrix is shown 
in Table C-1, and the schematic diagrams for each of the schemes are presented in Section B 
of this Appendix. All conceptual designs are technically feasible and all are capable of provid- 
ing the nominal pilot-main distribution schedule within an accuracy band of ±2 percent. 


TAB1.E C-I 

MATRIX FOR CANDIDATE CONTROL SCHEMES 
FOR MODllTED CONTROL 
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Two methods of flow distribution were considered. In one, the total flow is passed through a 
flow distribution valve which splits the flow in the proper proportions to the pilot and main 
zones. In the second, the fuel flows to the pilot and main zones arc separately metered 
through two independent valves. 

Two basic approaches were considered for filling the main /.one manifold prior to staging. 

One of these involves the use of a single-stroke fuel pump. When fuel is initially directed to 
the main zone, the single-stroke fuel pump would be actuated by the main zone fuel pressure, 
jiroviding a burst of fuel equal to the manifold fill rcquiremcntc. The second approach for 
filling the main manifold involved fuel circulation through the system. Several different con- 
figurations were considered; systems that operated with a full-manifold detector to avoid the 
need for continuous circulation; the use of continuous circulation systems operating between 
either the main pump discharge and interstage location or between the main pump interstage 
location and inlet; the use of continuous circulation systems using auxiliary pumps in cither 
the inlet or discharge circulation lines; and the use of continuou circulation bled from the 
pilot zone fuel supply line. 
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The various pump options resulted primarily from the options seiccted for flow distribution 
or main zone manifold filling. However, a variable displacement pump was dso considered 
independently to determine if the simplification achieved in the control logic would offset 
the increased cost of the variable displacement pump. 


In addition to Schemes lb througli 3f shown in Section B of this Append^, a family of 
schemes was studied to evaluate the possibUity of adapting the existing JT9D-7pressun^g 
and dump valve to the distribution control system required fer the Vorbix combustor, fte- 
liminacy studies revealed, however, that this system could not meet tlie pilot-mam distnbu- 
tion accuracy requirements and detailed evaluations of-tliese concepts were not pursued. 


b. Concept Evaluation 

Tlie schemes were evaluated initially on the basis of life cycle cost and those schemes with 
excessive cost were eliminated from further consideration. Hie remainmg schemes were then 
evaluated on the basis of complexity of modifications required to the production JT9D 7 e 
gine control, the availability of the required tarchnology, and potential operational Problems. 
Each scheme was evaluated in both an all-hydromechanical configuration and in a hybrid hy- 
dromechanical and electronic configuration. The choice between these configurations was 
made on the basis of life cycle cost. 


Life cycle costs were estimated using the equation: 

LCC = INhPh + NgPpl + IMjjCj, + MpCgl + F |W„ t Wgl 


where : 

LCC = Estimated life cycle cost 
N = Number of units required including spares 
P = Cost of each unit 

M = Number of maintenance actions required during the life of the aircratt 
C = Average cost of each maintenance action 

F = Fuel cost to carry one additional pound of weiglit during the life of the 
aircraft 

W = Control system weight 
and the subscripts; 

H = Relates to hydromcchanical elements 
F = Relates to electronic elements 


factors for the life cycle cost equation were detennincd by estimating production cost, 
maintenance requirements, and weight for each of the candidate schemes. Wliere possible, 
the actual costs, maintenance requirements, and weiglits of added items were used direc y 
in the equation. When specific data were not available, correlations were used, as shown m 

Rgures C-2 and C-3. 





Iigur<; C-2 


Correlations of Reliability, Weif^it, and Cost for HyJronwcbanical Contrtd Elements 
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fEnCtNT OF NUMBER OF INPUTS ANO OUTPUTS 


figure C-3 Correlations of Reliability. Weight, and Cost for Electronic Control Elements 

Tlie relative production costs, maintenance costs, and weights are summanzed m Figures C4, 

C-5 and C-6 respectively, 'llie resulting life cycle cost comparison is shown in Figure C-7. Be- 
fore proceeding to concept selection, the sensitivity of the life cycle cost estimates to citor 
in tlie assumptions was determined by introducing 20-perccnt reductions into each of the fac- 
tors in the life cycle cost equation for each of the schemes. Ihe lowest life cycle cost esti- 
mate acliieved by reducing one factor in the equation by 20 percent was then used with the 
initial estimate to obtain life cycle cost estimate bands for each scheme. In no case did this 
cause a change in the overall life cycle cost trends. 
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Rgure C~4 Relative Estimated Production Costs of Candidate Fuel Control Schemes 
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figure C-S Relative Estimated Maintenance Requirements of Candidate Fuel Control Schemes 
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c. Concept Selection 

Concept selection was based on estimated life cycle cost, impact on the existing engine con- 
trol system, and critical technology items, as summarized in Figure C-8. The family of 
schemes designated 3a through 3f were eliminated from furtlier consideration on the basis of 
the life cycle cost cstimalcs. These schemes all included the variable displacement pump, and 
the high resulting life cycle cost indicated that this apiiroach did not. provide sufficient reduc- 
tion in the control logic requirements to offset the high procurement cost of the pump. 
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figure C-8 Siitumary of Fuel Control Selection Process Results 


The concepts requiring two metering valves (Schemes if through li) and the concepts requir- 
ing two pumps (Schemes 2a through 2c) were eliminated on the basis of tlic number of 
cliangcs required to the current JT9D-7 engine control. Schemes lb and 2f were then elimi- 
nated because of tlicir requirement for a full manifold detector, and it appears tliat consider- 
able development may be required before a satisfactory detector can be obtained. Scheme 
le uses a metered circulation system in which fuel for main zone manifold filling and circula- 
tion is bled from tlic pilot zone fuel flow. Although this concept appears tecliiiically feasible, 
it could cause starting problems, and failure of the valve controlling the circulation flow 
could starve the pilot zone of fuel. Since Seliemes Ic and Id provided all the benefits of 
Scheme Ic without being subject to the potential problems of the metered circulation sys- 
tem, Scheme le was eliminated and Schemes Ic and Id were identified as the most promis- 
ing systems. 
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The final step in the evaluation was to determine tlie merits of tlic hybrid hydromcchamcal- 
clcctronic systems relative to the all hydromcclianical systems for the two remaining candi- 
date schemes. Figure C-7 indicates that the hybrid designs can be produced and operated 
lower life cycle cost. Tlic significance of this result depends on the sensitivity ol the me 
cycle cost estimate to changes in the assumiiiions upon wind: the estimate was based, r.x- 
amination of each factor in the life cycle cost equation shows that the relative rimkingis 
most sensitive to procurement costs. Parity is reached if either the hydromcclianical unit be- 
comes 30 percent cheaper or the hybrid unit becomes approximately 30 percent more ex- 
pensive. All other factors require unreasonably large changes (or cannot physically be 
changed enough) to reverse the order of ranking. 

In conclusion, both Schemes Ic and Id appear acceptable in their hybrid configurations. The 
final decision between these two would require a detailed design analysis beyond the scope 
of the current program. Both systems arc essentially the same except for the pump connec- 
tions. Scheme Ic, shown in Figure C-9, was selected as the model for the breadboard design 
of the Phase III engine fuel control. 
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I'lffUK C-9 Schematic Diagram of Fuel Controi Scheme I c 







2. CONCEPTUAL DESiGNX)F FUEL CONTROL USING 1985 TECHNOLOGY 


a. Fiici Control Design Requirements 

Tlie fuel control design study for the Vorbix combustor was conducted in a manner parallel 
to that discussed in Section IV-B of the basic document. The design requirements were re- 
viev/cd, relative to the anticipated 1985 technology. The scope of the control requirements 
was increased to respond to all engine control requirements, including high-pressure compres- 
sor vane angle scheduling and bleed valve control. No attempt was made to retain existing 
control components in order to capitalize on tlie economies of integration of the-various 
control functions. Tlie required control parameters are listed in Table C-II. 

TABLE C-II 

CONTROL SYSTEM REQUIREMENTS FOR CONTROL 
USING 1985 TECHNOLOGY 


Current Engine Requirements 

Control fuel flow on basis of high-pressure rotor speed, power lever angle, speed set 
bias, and acceleration and deceleration limits. 

Control the variable vane stagger angles. 

Control fuel flow for thrust reversing, flight idle, and cold starting with enrichment. 

Control one station 3 bleed valve, four station 3.5 bleed valves, and 2 fifteenth-stage 
bleed valves. 

Provide compressor surge warning signal. 

Fail in an operationally safe manner. 

New Requirements 

Distribute fuel between pilot and main zones. 

Provide electronic systems failure warning signal. 

Optional Capabilities: at Smsill Additic ial Cost 

Control fuel flow with engi? e pressure ratio limiting. 

Provide engine degradation warning signal. 


b. Identification of Candidate Schemes 

Candidate schemes were identified through a matrix technique similar to tliat used for the 
modified production control. The size of the matrix was reduced, to eliminate those 
schemes tliat were found to be noncompetitive in the study of the modified control, 13oth 
the single-stroke pump used for main burner manifold filling and the variable displacement 
pump were eliminated. In addition, the metered circulation system was eliminated, and 
only one auxiliary circulation pump scheme was included since no important differences 
were identified between the two schemes considered in the first study. All schemes con- 
sidered use digital electronics for all functions, since current technology growth trends indi- 
cate that this approach will be substantially superior by 1985. 

The resulting matrix included four schemes and is shown in TablcX-III. Schematic diagrams 
for the schemes are presented in Section B of this Appendix. 

TABLE C-III 

MATRIX FOR CANDIDATE CONTROL SCHEMES FOR 
CONTROL SYSTEMS USING 1985 TECHNOLOGY 


Flow Distribution 

Flow Distribution Valve 
Two Metering Valves 


Scheme 

A B C D 


XXX 

X 


Manifold Fill Technique 
Fill Detector 
Circulation 



X 


Pumps 
One Pump 
Two Pumps 


X X 


X X 


c. Concept Evaluation and Selection 

Since the selection of sdtemes had included an initial screening process to eliminate con- 
cepts determined to be unpromising from the previous study, the evaluation for the all-new 
schemes consisted only of a life cycle cost estimate for each scheme. The process was iden- 
tical to tliat used previously, with individual estimates being made for production cost, 
maintenance requirements, and weight. 

Actual costs, maintenance history, and weights were used where sufficient data were avail- 
able, and correlation curves were used where direct information was not available. The cor- 
relation factors for the hydromcchanical components were the same as tliosc used previ- 
ously, as it was assumed that the 1975 hydromcchanical technology has reached a level of 
maturity where no significant improvements arc anticipated. For the electronic compo- 
nents, however, the factors were adjusted to reflect technology growth, as shown in Figure 
C-10. 
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Ngure C-IO Correlations oj Reliability, Weight, and Cost for Elec tronic Control Elements Showing 
Anticipated Effect of Technolog}' Growth 

The resulting compononts in the life cycle cost equation for Schemes A, B, C. and D are pre- 
sented in Figure C-1 1 and are compared to the current JT9D production control system. The 
relative life cycle costs calculated from these factors are presented in Figure C-12. Tlie com- 
parison indicates that integrated all-electronic control systems similar to these schemes will 
show a potential reduction in life cycle cost of approximately 40 percent relative to the cur- 
rent production system, when modified to control a two-stage Vorbix combustor. — 


These results indicate that Scheme 13 provides the lowest life cycle cost. This concept incor- 
porates one fuel pump, a flow di.strihution valve, and ll;c use of circulation How to keep the 
main fuel manifold full. It is important to note that this scheme incorporates the same gen- 
eral design features as the add-on modification Schemes Ic and Id selected in the prececd- 
ing study. 
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Figure C-11 Relative Estimated Production Costs, Maintenance Requirements, and Estimated Weights of 
Candidate New Control Schemes 
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figure C-I2 Relati iv Estimated Life Cycle Costs of Candidate New Con trol Schemes 
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B. STUDY SCHEMES 


Schematic diagrams for tlic schemes presented in Table C-I are contained in Figures C-13 
through C-26. 
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Figure C-13 Control S(3teme lb 
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Figure C-15 Control Scheme Id 
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Figure C-J8 Control Scheme Ig 
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figure C-19 Control Scheme Ih 
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figure C-20 Control Scheme Ji 









figure C-21 Control Scheme 2a 




















Control Scheme 2c 















C-24 Control Scheme 2d 








Control Scheme 2e 







26 Control Scheme 2f 















Control Scheme 3a 









Control Scheme 3b 
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Figure C-29 Control Scheme 3c 
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Figure C-30 Control Scheme 3d 







Figure C' 31 Control Scheme 3e 
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Figure C-32 Control Scheme 3f 
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Figure C-33 1 985 Technology Control Scheme A 
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Figure C- 34 1 985 Technology Control Scheme B 










Figure C-36 1 985 Technology Control Scheme D 




APPENDIX D 


NOMENCLATURE 




bbANA NOT b'lLlAKD 


NOMENCLATURE 


i-:i 

P/A 

II 

LBO 

P 

PF 

AP 

T 

V 

Vref 

Wa 

Wf 

M 

6 

Vc 

HR 


b 

s 

t 

4 

5 


Fmission Index ~ g pollutant/kg fuel 
kg fuel/kg air ir 

Specific Humidity ~ gll^O/ kg dry air 
Lean Blowout 

Pressure atm 

Pattern Factor 
Pressure Loss atm 
Temperature ~ K 
Velocity ~ m/s 

Combustor Reference Velocity ~ m/s 

Airflow ~ kg/s 

Fuel Flow ~ kg/s 

Flow Parameter kgy^m^atms 

Density ~ kg/m^ 

Combustion Efficiency 
Equivalence Ratio 

SUBSCRIPTS 


Burner 

Static Conditions 
Total Condition 

Compressor Exit Station (JT9D-7) 
Turbine Inlet Station (JT9D-7) 
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